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Abstract
P
Lasma materials interactions (PMI) in tokamak machines play a crucial role in the overall
plasma performance. For this reason PMI research has gained great interest during the
last couple of decades. Proper conditioning of Plasma Facing Components (PFCs) has
shown to have dramatic effects in important plasma parameters as plasma current and density.
Several conditioning approaches have been developed and investigated e.g. plasma glows and
vessel bake outs. Furthermore, conditioning via the deposition of thin films of low Z metals such
as Li has also been explored. The positive effects of Li on fusion plasmas have been reported in
several studies. One important conclusion of those, is the fact that all the improvements associated
with Li coatings on PFCs vary dramatically during the course of a campaign, being depended on
numerous factors, such as time, residual gases composition and plasma exposures. This illustrates
the complicated and symbiotic relationship between the state of the plasma facing materials and
the plasma itself.
As a consequence, the need for detailed and quantitative results documenting that relationship
increased. Controlled experiments in laboratories have been performed in combination with post-
mortem analysis of divertors tiles. However, both method have key shortcomings that limit the
depth of their results.
This work is dedicated to the development, upgrade and implementation of an alternative
analysis technique. The Materials Analysis Particle Probe (MAPP) is an in-vacuo characterization
facility, designed to analyze samples exposed to tokamak plasmas. MAPP was engineered to be
attached to tokamak machines and expose a set of samples to a little as a single shot, the samples
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can then be retracted to a chamber for chemical analysis. MAPP is equipped to perform X ray
Photoelectron Spectroscopy (XPS), Ion Scattering Spectroscopy (ISS), Direct Recoil Spectroscopy
(DRS) and Thermal Desorption Spectroscopy (TDS). The hardware used to execute these tech-
niques is controlled via a set of LabViewr virtual instruments (VIs). Additional VIs were also
developed for safety interlocks and control of vacuum hardware on the chamber.
MAPP was initially designed to be deployed in the National Spherical Tokamak eXperiment
(NSTX), however, given its versatility it can also be used in other machines. As such, this work
includes a chapter detailing the experience and results gathered while MAPP was installed on the
Lithium Tokamak eXperiment (LTX).
Finally, a summary of the installation activities to connect MAPP to NSTX-U and a list of
possible experiments to be performed with the machine will be given.
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Chapter1
Introduction
E
Nergy generation via nuclear fusion has been the subject of active research for more
than 50 years [1]. The possibility of obtaining great amounts of energy in an efficient
and relatively clean manner makes nuclear fusion a very appealing source. However,
given the extreme conditions necessary to achieve fusion reactions, numerous technological and
scientific challenges still remain unsolved [2].
In order to obtain a self-sustained reaction, the plasma in fusion machines requires a tempera-
ture around 10 keV (∼ 100 million ◦C). As a consequence ordinary methods of plasma discharge
cannot be used. To achieve the proper plasma parameters for fusion reactions to occurr many
approaches has been investigated, however, two methods have been explored more throughly i.e.
inertial confined fusion and magnetic confined fusion [3].
Within magnetic confinement machines, different concepts exist as well e.g. pinches, tokamaks
(a) Tokamak [4]
(b) Stellarator [5]
Figure 1.1: Plasma magnetic confinement machines
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(Figure 1.1a) and stellarators (Figure 1.1b). A great effort has been put in the study of tokamaks
compared to other designs, for this reason tokamaks have shown better and better results and are,
at the moment, the most promising concept [3].
Figure 1.2: Tokamak field configuration [6]
A tokamak uses a combination of magnetic fields to contain the plasmas. The total field con-
sists of toroidal, poloidal and vertical components (Figure 1.2). The particles in the plasma follow
along the magnetic lines and remain confined within magnetic surfaces if the proper conditions
are given.
Even though significant advances in plasma shaping and plasma confinement have been achieved,
the issues associated with the plasma interacting with the first wall of the machines cannot be
avoided. Moreover, given the extreme conditions inside fusion machines, few materials have
2
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suitable properties for such applications, this is, only materials with high melting point and suf-
ficient mechanical strength are viable options, tungsten and graphite are two noticeable examples.
Several parameters related with the efficiency and performance of tokamak machines are strongly
linked with the plasma-materials interaction. The walls of the machines can act as sources of cold
particles that would decrease the quality of the plasma and eventually produce disruptions. Fuel
recycling and sputtering are among the biggest concerns in the plasma-material interaction field.
Fuel recycling occurs when fuel particles (D, T or H) leave the volume of the plasma but are not re-
tained by the PFCs thus reentering the plasma with lower temperature and cool down the plasma.
Sputtering is the emission of the walls’ usually heavy atoms given an incident flux of particles.
These two phenomena, in combination with ambient impurities (inherent to all vacuum systems)
as C, N, O and other metallic impurities; increase the Ze f f of the plasma, increasing the emission
of Bremsstrahlung radiation and decreasing the confined energy [7].
Multiple approaches have been explored with the goal of solving the issue of PFCs life span and
improving the plasma conditions through modifications of the first wall. These approaches in-
clude vessel conditioning techniques e.g. GDC, bake-outs and boronization among others.
In the early days of nuclear fusion research, the constituent material of the vacuum vessels
was used as PFC, this material was usually stainless steel. This material was well know, easy to
fabricate, manipulate and clean and had good vacuum properties. However, the emission of low
Z impurities was an issue given the low plasma temperatures, not high enough to ionize these
particles radiating energy from the plasma. As mentioned before several surface conditioning
techniques were developed to prepare the PFCs to prevent the emission of impurities as oxygen
and carbon.
Limiters were later introduced to protect the vessels from unexpected high power plasma dis-
charges and increasing auxiliary power. A limiter is a solid surface that defines the edge of a
plasma. Limiters can have different geometries i.e. poloidal, rail or toroidal and are usually made
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from refractory metals e.g. carbon, molybdenum or tungsten capable of withstanding high heat
loads. Additionally, limiters localize the plasma-surface interaction, thus the conditioning of these
areas of the machine to remove adsorbed gas and oxide layers, renders clean surfaces that allow
the occurrence of plasmas with low impurity levels [8].
With the increased use of auxiliary heating systems and NBI, experiments such as the PLT
achieved for the first time plasma temperatures of thermonuclear scales. Plasmas in PLT had high
edge temperature and power fluxes, resulting in high sputtering from its tungsten limiter and
posterior core radiation from partially ionized atoms. As a consequence PLT moved to graphite
PFCs. Carbon has the advantage of low ionization energies of sputtered atoms, reducing core
radiation. Given the success of PLT with carbon, graphite became then the favorite material for
divertors and limiters in tokamak machines [9].
In the 1980’s several machines operated with graphite PFCs, however, laboratory studies and
simulations suggested high erosion rates from carbon as a consequence of chemical sputtering.
Additionally, carbon’s capability to gather high amounts of hydrogenic species such as as tritium
was evident in machines like TFTR and JET, and became an operational concern. These problems
led to the consideration of using beryllium as PFC. Beryllium is a low Z material, with low affinity
for hydrogenic species. However, it has a relatively low melting point and it can be toxic when
manufactured, that adds to a high sputtering yield. JET led extensive research with Be PFCs
discovering a strong oxygen pumping capability in evaporated beryllium coatings. Additionally,
the deuterium pumping capabilities of Be allowed JET to achieve regimes of high power ICRF and
NBI heating by inhibiting the increase of Ze f f reducing the fueling by recycling [10].
As mentioned, the use of carbon was widely popularized, although its success was more ev-
ident in limited machines than in those using divertors. A divertor is a device that allows the
continuous removal of particles from the plasma using magnetic shaping. In this configuration,
as opposed to a limited configuration, the Last Closed Flux Surface (LCFS) is defined only by the
magnetic lines and the PMI occurs far from the confined plasma [8].
In the case of limiters, low Z materials as graphite offer better performance, since any sput-
tered atom will be fully ionized in the plasma core minimizing the power losses by line radiation.
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On the other hand, in a diverted configuration, where low temperature plasmas combined with
high fluxes are incident to the PFC, low Z materials do not perform that well. Carbon has a low
energy threshold for chemical sputtering, meaning a high erosion rate in a diverted configuration.
Those experiences, added to the improvements in plasma confinement in diverted geometries,
motivated the community to look back to high Z metals as tungsten. W has a lower ionization po-
tential (7.86 eV) than carbon (11.26 eV) meaning a rapid ionization and prompt redeposition of
sputtered particles close to the place where they were emitted. Several machines have tested high
Z materials e.g molybdenum in Alcator C-Mod and tungsten in ASDEX-U, finding low levels or
erosion in the divertor plates. Additionally, good resistance to high heat loads has also been re-
ported in both machines. However, the response of these component to high transients as ELMs
and disruptions is still under active research [9].
Perhaps a more unconventional solution to the PMI issue is the use of liquid metals as first
wall [11, 12]. Alkali metals are the principal candidates for these applications, however given
their high reactivity with oxygen and high volatility, Li among the other members of the group
has been the most widely used [13, 14].
Additional reasons for the use of lithium as PFC include [15]:
• Avoiding the issue of materials modification due to the irradiation of high energy particles;
liquid lithium would be continuously renewed and eroded material replaced.
• Neutron damage is limited to the substrates and does not affect the coating.
• Liquid lithium has high heat removal capabilities. Additionally, it can dissipate localized
heat loads by evaporation and/or radiation.
• Hydrogen is highly soluble in Li (producing low recycling walls)
• Liquid Li shows a fairly low sputtering yield under the conditions in a fusion machine.
Results show a 9% sputtering yield for 700 keV deuterium atoms with a 45◦ incidence angle.
Moreover, 60% of the sputtered particles are ions which are likely to be redeposited due to
the sheath potential.
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One of the early explorations of Li in fusion devices occurred in the TFTR at the PPPL with
Li pellet injection [13]. The positive effects in plasma performance associated with the presence
of lithium motivated the creation of new approaches to introduce lithium in the machines, and
moreover, the construction of machines exclusively for the research of this metal and its effect in
fusion plasmas.
One of the machines dedicated to the study of the application of lithium in fusion is the NSTX,
also at PPPL.
Results obtained in NSTX showed continuous improvements in plasma density, temperature
and confinement when lithium was gradually deposited on the walls of the machine [16]. NSTX
is a spherical tokamak with mostly graphite based PFCs, where several methods for Li deposition
have been tested. Li pellets injection, the LLD and LiTERS have been used in NSTX [17, 18].
With the goal to exclusively study Li effects on hydrogen plasmas, the LTX was also de-
sign [19]. LTX is a compact tokamak located at PPPL, which construction followed the CDX-U
machine. LTX’s goal is to understand the relationship between lithium and plasma and the effect
on this relationship of factors as temperature and PFCs preconditioning.
In contrast with Li coatings deposited on high Z metals (like would be the case in LTX), coat-
ings on graphitic substrates (like in NSTX) produce highly dynamic systems, due to, among
others, intercalation of Li atoms in the graphite matrix. Moreover, oxidation reactions between
oxygen in the carbon matrix and vacuum residual gases introduce additional complexity to the
analysis of this system.
Great efforts in laboratories have been aimed to properly characterize and explain the relation-
ship between lithium, carbon and oxygen, and additionally, the effect of highly energetic hydro-
genic species on the system and vice versa. All this to simulate, as best as possible, the conditions
inside tokamak machines, and, at the end, relate the state of the PFCs with the performance of the
plasma.
Multiple studies have shown a close relation with the chemical state of lithiated-graphite and
the decrease of recycling in tokamaks. In particular, Taylor et al [20] established the mechanism by
which the Li coatings on graphite are able to pump hydrogenic species via intermediate reactions
with oxygen.
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As mentioned, lithiated graphite is a highly complex system, its state, and the effect that it
has on the plasmas changes as a function of numerous factors. As a consequence, the necessity of
performing a continuous chemical characterization of the PFCs becomes important.
1.1 Surface Characterization Techniques
To understand the way the plasma interacts with a surface, it is important to introduce the exper-
imental techniques that are most commonly used for plasma facing component characterization.
The following section looks at the more notable approaches and valuable historical efforts to char-
acterize PFCs.
1.1.1 X-ray Photoelectron Spectroscopy (XPS)
Figure 1.3: Schematic representation of XPS, mono-energetic (gold) photons incident of a surface (blue) inducing the
emission of core electrons (red).
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In this technique, a beam of soft, mono-energetic X rays is directed on the sample’s surface caus-
ing emission of core photoelectrons from the target’s atoms, a schematic representation of this
procedure is shown in Figure 1.3. The kinetic energy of the ejected electrons can be measured and
used to determine the binding energy associated with the photoelectrons. The relation between
kinetic and binding energy is given by:
KE = hν− BE− φs (1.1)
Where KE and BE are the kinetic and binding energy respectively and φs is the work function
of the system used to collect the data.
In any atom, each electron requires a different amount of energy (relative to the Fermi level)
in order to be ejected from its orbit. In the same way, each electron has a different cross section for
emission.
Figure 1.4: Relative ionization cross-sections as a function of the binding energy for the uranium atom [21]
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Figure 1.4 shows an example of such relation. There, the ionization cross-section (or the elec-
trons emission cross-section) and the binding energy for different electrons in an U atom are
shown. Since each element has a different set of binding energies, XPS can be used to determine
the concentration of the components of a surface. Additionally, chemical changes (as compounds
formation) can be analyzed measuring shifts on the binding energies.
An additional important feature of XPS has to do with its probed depth. The probability of
electrons interacting with matter is higher than that of photons. For this reason, although X-
rays penetrate samples ∼ 5-10 µm the mean free path of electrons is not bigger than 10 A˚. For
this reason, XPS is considered a highly surface sensitive technique. It is also important to point
out that the peaks in XPS scans are formed by those electrons that leave the surface with no to
small energy lost. For this reason, in a XPS scan Maxwellian or Maxwellian-Loretzian peaks are
observed rather than defined lines. On the other hand, the background is formed by electrons that
undergo inelastic collisions in their path to the surface before emission, producing considerable
energy losses.
As mentioned, to obtain a XPS spectrum, a beam of X rays with known energy (hν in Equa-
tion 1.1) is incident on a surface, an energy analyzer then registers the number of electrons emitted
by the surface than reach its entrance at each value of energy (KE in Equation 1.1), the binding en-
ergy can be easily computed using Equation 1.1. A detailed presentation on the instrumentation
aspect of XPS will be given in and upcoming section.
Some of the most important features in a XPS scan are listed next. These are characteristics that
have to be taken into account for the proper interpretation of XPS data and correct identification
of unknown samples:
• Photoelectron lines: These are the most intense lines in the scan and are produced by the
ejected core electrons. These lines or peaks are used for qualitative and quantitive analysis
of the data.
• Auger lines: These lines form rather complex patterns in the XPS scan. They are originated
by electrons ejected from the atoms due to Auger emission. When a core electron is emitted
it leaves a hole in the orbital it used to occupy, in order for the atom to go back to its ground
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state, an outer electron transitions to the core orbital. This jump is usually accompanied by
the emission of another electron from the outermost orbital, such electrons are called Auger
electrons.
• X-ray satellites: These peaks result when non-monochromatic X-ray guns are used. In such
case, a set of peaks associated with the material of the anode of the X ray gun are observed
on the spectrum.
• X-ray ghost lines: In some cases, impurities in the anode plates can cause X-ray emission from
different materials. This can occur in the case of dual anode X-ray guns with aluminum
contamination on the magnesium anode and vice versa.
• Shake up lines: In some cases, some atoms can be left in an excited state such that the kinetic
energy of the emitted photoelectrons is reduced. This results in the formation of satellite a
peak a few eV higher in binding energy than the main photoelectron peak. The intensity of
this peaks can be as high as that of the main peak in paramagnetic materials.
XPS data analysis can be extended to quantify atomic fractions and percentages of components
in the samples. Considering that the number of photoelectrons in a particular peak in a spectrum
of a homogeneous sample is:
I = n f σ θ y λ A T (1.2)
where n is the number of atoms per cm3 in the sample, f is the X-ray flux in photons/cm2· s, σ
is the photoelectric cross-section for the atomic orbital of interest in cm2, θ is an angular efficiency
factor for the instrumental arrangement based on the angle between the photon path and detected
electron, y is the efficiency in the photoelectric process for formation of photons of the normal
photoelectron energy, λ is the mean free path of the photoelectrons traveling in the sample, A is
the area of the samples from which the electrons are being emitted and T is the detection efficiency
of the analyzer [21]. Equation 1.2 can be solved for n yielding:
n =
I
f σ θ y λ A T
(1.3)
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Now, let the denominator of the fraction in Equation 1.3 be equal to S, this quantity is called
the atomic sensitivity factor. Now, the fraction of an element x with respect to the total summation
of component in a homogenous sample can be found.
Cx =
nx
∑ ni
=
Ix
Sx
∑ IiSi
(1.4)
Where the summations on i include all the peaks (components) in the scan (sample). The
values of S for different materials are provided in the literature (Ref. [21] and references therein),
thus, the Equation 1.4 can be used to obtain quantitative information on the samples (with errors
around 10% to 20%) [21].
1.1.2 Ion Scattering Spectroscopy (ISS)
Figure 1.5: Schematic representation of ISS, an incident noble gas ion collides with the atoms of the sample surface, the
particle is scattering with an angle θr, the energy of the ion after the collision allows the identification of the atoms in
the target.
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Ion scattering spectroscopy is a straightforward technique in principle. A mono-energetic beam
of noble gas ions e.g. 3He, 4He, 20Ne, or 20Ar is directed towards the surface of a sample. If the
energy of the beam is under 5 keV, some of the ions are elastically reflected1 (figure 1.5). This type
of scattering event can be modeled as a two body collision between the ions and the atoms of the
surface. As a consequence, the energy of the backscattered ions can be obtained using conserva-
tion of momentum and energy, which are only dependent on the masses of the particles involved
and the angle of incidence [22]. This procedures leads to the following expression for the energy
of the scattered particles:
Es = Eo
(
mp
mp + mt
)2cos θ ±
√(
mp
mt
)2
− sin2 θ
2 (1.5)
Where Es and Eo are the energies of the ions after and before the collision, Mp and Mt are the
masses of the ions and surface atoms respectively and θ is the scattering angle (θr in Figure 1.5).
Figure 1.6: Ratio of energy of scattered particles to incident energy ( EEo ) as a function of scattering angle for different
ratios of mass of projectile to mass of the target (A= mpmt ).
1Around 0.1% of the ions undergo an elastic collision with the surface
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In terms of instrumentation ISS needs an ion source capable of producing the minimum fluxes
and energies (maximum 1 keV) and an energy analyzer. The analyzer can be the same type of
analyzer used in XPS, although the polarity of the plates in the analyzer will have to be changed
since the measured particles are positively charged contrary to the case of XPS. The analyzer will
swap different values of energy, registering the total amount of particles arriving at each value.
An ISS spectrum will be obtained in this way, since all the parameters in equation 1.5 are known
with exception of mt and considering that in such case, a spectrum for different energies is equiv-
alent to a spectrum in a mass spectrum, ISS can be used as a materials identification technique.
An important consideration when designing an ISS experiment is the mass of the ions with re-
spect to the mass of the atoms in the target. Since better mass resolution is obtained for light ions
the ratio of projectiles mass to target’s atoms mass must be carefully selected. This is illustrated
by Figure 1.6 where the ratio of energy of scattered particles to incident energy has been plotted as
a function of the scattered angle for different mass ratios (A= mpmt ). In general, the scattering angle
is constant for a given system (defined by the cone of acceptance of the analyzer and the angle that
the axis of this cone has with the surface normal) the right choice of the ions can have a crucial
influence in the success of an experiment.
ISS shows up several advantages compared with other surface characterization techniques,
maybe the most important are its monolayer sensitivity, the negligible matrix effects, and superior
depth profiling. Additionally, quantitative analysis can be performed with an accuracy about 5-
10 % [22].
Given that most PMI related issues are strictly dependent on the chemistry and structure of
the first monolayers of a PFC, ISS is an ideal analysis tool to complement other techniques as XPS
or TDS.
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1.1.3 Direct Recoil Spectroscopy (DRS)
Figure 1.7: Schematic representation of DRS; a beam of noble gas ions insides on a surface with relatively high energy
and small θi angle, the collision produces the ejection of atoms from the first monolayers of the surface of the analyzed
sample. These particles can be collected and counted for elemental analysis.
Direct recoil spectroscopy is a technique derived from ISS. Here, as in the case of ISS, a mono-
energetic beam of ions is directed towards a surface, in this case, however, not only the energy of
the incident ions is slightly higher than in the case of ISS (EISS < 1keV and 1keV < EDRS < 5keV),
but the angle of incidence has to be glancing (θi < 20o in figure 1.7). Then, the ions and atoms that
are recoiled into a forward scattering are counted [23]. The two-body collision can be modeled
with classical mechanics as in the case of ISS, applying momentum and energy conservation, the
relation between the incident energy and that of the recoils is given by:
ER = Ep
4 mr
mp
(
1 + mrmp
)2 cos2φ (1.6)
Where ER is the energy of the recoiled particles, Ep is the incident energy, mr and mp are the masses
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of the recoils and projectile respectively and φ is the angle of the incident beam with respect to the
surface.
The large scattering and recoil cross sections in the keV range makes DRS a exceptionally
surface (almost top monolayers) sensitive technique. DRS is very useful in the study of light
impurities such as H, C and O (very common in tokamak machines). Moreover, DRS is particu-
larly sensitive to surface H given that the recoil cross- section for hydrogen is large relatively to
other elements. DRS becomes a very powerful tool when combined with other surface analysis
techniques such as XPS which is sensitive to the electronic structure, but cannot detect hydrogen,
being then complementary [23].
Although the qualitative analysis of the data is simple and based in qualitative study of spec-
tra using equation 1.6, quantitative analysis is more complicated, requiring a relation of incident
fluxes to the atom concentration of the surface. Such analysis is out of the scope of the present
work.
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1.1.4 Thermal Desorption Spectroscopy (TDS)
Figure 1.8: Schematic representation of TDS
In Thermal Desorption Spectroscopy a sample of material is heated to induce the release (in
gaseous state) of volatile species from the surface. The partial pressure of the desorbed phases
are then monitored. Figure 1.8 shows the release of molecules previously retained by the surface.
The temperature of the surface is being monotonically increased as a function of time (following
a temperature program β(t) = dT(t)dt ).
The type of desorbed species provides information on the composition of the sample while
the temperature at which each specie is released determines its binding energy. Temperature and
partial pressure of the chosen species are recorded as a function of time. These data can be plotted
in different manners that provide complementary information.
The total amount of a particular component can be found by plotting the partial pressure of a
particular desorbed product as a function of time. These data can be integrated yielding:
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NX ∝
∫ τ2
τ1
px(t) dt (1.7)
Where Nx is the total amount of molecules of the species x, px(t) is a function describing the
evolution on time of the partial pressure of desorbed x and τ1 and τ2 are the initial and end points
of the desorption peak respectively.
On the other hand, if the partial pressure data is plotted as a function of temperature instead
of time, the bond strength of each species can be derived. Furthermore, the comparison of the po-
sition of the peaks in the TDS spectrum with information from data bases allows the identification
of unknown species and the possible compounds formed on the surface.
TDS is mostly a surface only sensitive technique, although when diffusion of volatile species
to the bulk is presented, a small probed depth would be associated with the measurements [71].
The set of techniques available for PFCs research is not limited in any way to those presented
in this section. The choice of those listed here is based in the fact that those techniques are imple-
mented in the MAPP facility.
Finally, it is worth to mention that, although the described techniques have many points in
common and in a broad sense are focused in the same subject (surface chemistry), opposite of
being exclusive or redundant, they are complementary (each technique adds something that the
remaining lack) and together provide a wider and more detailed description of the state and evo-
lution of the surfaces that any other technique by itself.
1.2 Background: Shot history of PFC diagnostics
Different processes can lead to fuel retention in either high or low Z PFCs, these can be divided
in short and long term processes. Short term retention processes can take place in areas of the
machines that are directly exposed to plasma. This will result in low depth implantation and
saturation at fluences around 1021 m−2, this values can, however, be increased during plasma dis-
charges by dynamic retention of additional fuel [24].
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Two main mechanisms for fuel retention can be named for long term retention; implantation
and co-deposition. Deep implantation, bulk diffusion and trapping of particles occur in materials
in direct interaction with charged particle fluxes. Co-deposition results from the interaction of re-
cycled fuel particles and atoms sputtered from the walls. Sputtered wall particles transit around
the SOL arriving after several cycles to the divertor area. These atoms will then be co-deposited
in the shadowed areas of the divertor forming coatings or films. All of these issues have proven
to be critical in the development of successful fusion reactors, and as a consequence the focus of
numerous studies.
Traditionally, PFCs evolution and fuel retention in tokamaks have been evaluated using two
complementary methods; in-situ gas balance and post mortem analysis. Gas balance allows eval-
uation of how much fuel is retained during a discharge. This technique can be applied between
several plasma discharges and a full day of experiments. This methods provides a total measure-
ment of the fuel inventory based on the difference between the injected and exhausted gas.
Post-mortem analysis is applied to determined where in the tokamak the fuel is retained. The
main objective of post-mortem analysis is to determine the main processes that lead to long term
fuel retention and in which areas of the machine those processes are occurring. This kind of anal-
ysis is inherently integrated over a full experimental campaign. Several experimental techniques
can be used to perform post-mortem studies: surface and structure analysis, depth profiles and
compositional analysis [24]. Controlled laboratory experiments and modeling are commonly used
to compliment to post-mortem studies. In this relationship, the computational models strengthen
conclusions from experimental measurements and vice versa. However, as mentioned in chap-
ter 1, the materials inside a tokamak machine are subjected to rapid and dynamic changes, that
neither laboratory experiments nor computational models can completely capture.
The present work is focused in an improvement of the post-mortem methodology, transition-
ing from its off-line\integrated mode to an in-vacuum\shot to shot approach. The details of this
new approach will be described later. This section’s goal is to provide some context on the devel-
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opment of diagnostics for plasma facing components. It is not in any way a complete recollection
of the innumerable studies, techniques and methodologies used to investigate this area, rather is
a short summary of efforts performed in some of the most important fusion experiments.
Several studies of PFCs chemistry and fuel retention have been carried out in tokamak ma-
chines. JET, TEXTOR, ASDEX, DIII-D, TORE-SUPRA, and NSTX are noticeable examples.
detection limit and resolution of about 0.1 nm
provide time resolved measurements of material
deposition on remote areas [2].
2. Measuring principle of quartz microbalances
The QMB measurement is based on the high
mass sensitivity of quartz resonator frequencies
and on the accuracy of frequency readings of
resonator circuits. The quartzes are part of electric
resonator circuits. They are excited into mechan-
ical vibrations by an alternating electric field
applied between their electrodes by means of the
piezoelectric effect. The amplitude of vibration is
negligibly small except when the frequency of the
driving field is in the vicinity of a resonance mode.
At that time the amplitude of vibration increases
and the otherwise stable resonance frequency does
only depend on mass and temperature of the
quartz. Adsorbed layers on the quartz will increase
its weight and lower the frequency [3,4] which is
monitored. The resonators consist of piezoelectric
SiO2, precisely dimensioned and oriented with
respect to the crystallographic axes optimised for
temperature stability and/or layer growth mea-
surement. Its density is rquartz!/2.649 g/cm
3 and a
specific heat capacity C!/710 J/kg K. Above
573 8C the crystalline form changes irreversibly
from the piezoelectric ‘alpha quartz’ to the non-
piezoelectric ‘beta-quartz’. Also mechanical stress
and large thermal stress may destroy the piezo-
electric feature.
3. Demands on the JET/QMB system
In vessel diagnostics in JET are subject to rigid
requirements. This excluded commercial available
standard QMB-systems to be used. The JET
constraints, the requirements for operation, result-
ing problems and their technical solutions for the
QMB design are described below.
3.1. JET in vessel wiring
The existing internal 6 m long thermocouple
cables were improper to transmit the 6 MHz
frequencies of a quartz. Thus, a new QMB-
detector unit (DEU) was developed based on a
printed ceramic board (PCB) consisting of suited
quartz crystals and electronics. Using an applica-
tion specific integrated circuit (ASIC), working as
a frequency mixer, signals below 25 kHz are
produced and transmitted through the wires to a
driver unit (DRU) outside the vessel. The DRU
provides line drivers to the data acquisition (:/120
m) as well as isolated power to run the DEU. The
DEU contains the deposition quartz and is placed
in front of the louvers of the inner divertor see Fig.
1.
3.2. High temperature operation
The temperature of the DEU is determined by
its surrounding. Thermocouples mounted in the
direct neighbourhood of the DEU revealed max-
imum temperatures of about 185 8C during vessel
baking and 80"/190 8C during operation. Thus a
DEU including all constituents was developed to
suit steady state temperatures up to 200 8C.
Fig. 1. Cross section of the JET divertor MkII GB SRP,
showing the location of the QMB deposition unit in front of the
louvers of the inner divertor.
H.G. Esser et al. / Fusion Engineering and Design 66"/68 (2003) 855"/860856
Figure 1.9: Cross-section of the JET divertor wiht the location of the QMB system installed in the spring of 2002 [25]
In JET, results previous to the 1999-2001 campaign reported material migration from outboard
to inboard around the SOL. Chemical sputtering of carbon in these areas exposed Be and metal
surfaces and finally the carbon atoms were deposited in the plasma shadow areas of the divertor.
However, little information was known about the source of the material and its quantification. For
this reason during the 1999-2001 run, tile markers were included in selected points of the machine.
At the end of the campaign, the tiles were removed and inspected to evaluate erosion/deposition
in the main chamber and in the divertor. The tiles were evaluated post-mortem using SIMS. The
results from this study provided insights on the temperature dependence of chemical sputtering
of carbon [26].
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In the 2001-2004 JET campaign, a QMB was installed to quantify the amount of redeposited
carbon in the divertor of the machine (Fig. 1.9). This custom designed system was carefully engi-
neered and tested to work properly under the extreme conditions of JET’s divertor. Critical issues
such as high temperature operation of the crystals, temperature dependence of the crystal’s fre-
quency and time resolution of data were addressed in the design [25, 27].
approaches the louver entrance. Particles eroded
previously were temporary stored on base tile 4
and subsequently transported into the remote area
when the strike point was moved down to that tile.
These shots showed highest deposition on the
quartz with rates of more then 2 nm/s. In general,
high power ELMY-H-mode discharges with the
strike point on tile 4 dominated the wall carbon ero-
sion and the redeposition on the quartz.
Modelling of these results with the ERO code [6]
confirms that particle sources located close to the
QMB detector are required to obtain measurable
deposition on the quartz. In the shutdown 2004
the QMB system was removed remotely. It showed
coloured carbon layers on quartz and outer and
inner surfaces as shown in Fig. 1. Those layers were
characterized by various methods and compared to
the mass of carbon deduced from the frequency
change of the QMB quartz oscillator.
2. Experimental
2.1. QMB history
The QMB system was operational from 2001 on
(campaigns C5–C12) before it failed in 2003 due to
overheating. The protecting shutter was opened
6479 s for quartz exposure, !1.8 h in a period of
4000 plasma pulses. The resulting deposit caused a
frequency shift of 23640 Hz corresponding to a mass
increase of 1.77 · 10"4 g. Layers had been formed as
well all over the system varying from thin films of few
nanometer thickness on sides oriented away from the
divertor plasma up to thicknesses much larger than
10 lm on outer areas line of sight with the divertor
plasma. Layer formation on the quartz and on inter-
nal surfaces behind the aperture of the outer heat
shield could only happen during exposure, i.e., with
open shutter. The deposits on the outer surfaces
could grow continuously during the total divertor
plasma time (deposition could only bemeasured with
plasma in the divertor) of about 26.4 h. Four diﬀerent
areas of deposition appeared on the front side of the
outer heat shield depending on the shutter position,
see Fig. 1. The layer next to the orifice was formed
synchronously with the deposition on the quartz
(1.8 h). The area hidden by the shutter is partly
exposed when the shutter is in closed position
(22.4 h). The triangle left above the orifice is always
exposed (26.4 h) and another triangle of the same size
always hidden by the shutter shows no deposit. The
thicknesses of those layers depend not only on the
exposure time but also on local geometrical-shadow-
ing and surface orientation.
2.2. Global and local QMB geometry
Fig. 2 shows a schematic cross section of the loca-
tion of the QMB in the innerMKIIGBSRP divertor.
The QMB is fixed to a carrier rib of module 13 in
octant 5 and shielded against power flux by tile 3.
Only the lower end of the QMB systemwith the aper-
ture for the crystal extends into a possible direct par-
ticle flux from the divertor into the remote area across
the gap between horizontal tile 4 and vertical tile 3.
The gap height is 29 mm and the centre of the quartz
is 16.25 mm below the lower edge of tile 3.
Fig. 1. QMB system before and after exposure.
tile 1 
tile 3 
tile 4 
QMB-
system
quartz
crystal
carrier rib
Fig. 2. Schematic poloidal cross section of the QMB in the inner
divertor.
H.G. Esser et al. / Journal of Nuclear Materials 363–365 (2007) 146–151 147
Figure 1.10: JET QMB system before and after (inset) plasma exposure [28]
Additional post-mortem studies were later performed on the crystals of the QMBs [28]. The
deposits on the crystals and the outer housing of the QMB (Figure 1.10) were analyzed using SIMS,
stylus depth profilometry, EPMA , TIPT and colorim try. The collected data was compared with
that from the QMBs. A total carbon deposition of ∼ 1.77x10−4 g was measured with the QMB in
agreement with SIMS and profilometry. Additional observations were made on the composition
of the coatings based on D/C ratios [28, 29].
As an complement to the QMB system, the spectroscopic system in JET was used to evaluate
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methane and ethane family which are both usually ob-
served in tokamaks with graphite inventory. The obser-
vation of the CD Gero¨ band and of the C2 Swan band
gives useful information about the sources, their loca-
tion and quantity and about the dissociation process it-
self [4–6].
We present spectroscopic measurements from the
inner and outer MKII SRP divertor where the intensity
of diﬀerent hydrocarbon break-up products and their
variation as functions of the strike-point position and
the plasma parameters have been investigated.
2. Spectroscopic setup
The measurements were performed by means of two
sets of spectrometer systems observing two toroidally
adjacent sectors [6,7]. The first system is equipped with
a fibre optic bundle which covers both the inner and out-
er divertor. The second system uses a direct image,
which has a better eﬃciency, but covers only the outer
divertor.
Two survey spectrometers, in the following labelled
as KS3A [6] and KME (Echelle arrangement in cross-
dispersion, Dk/k ’ 21000, k = 375–675nm), are used
with the fibre-optics system and allow the simultaneous
detection of the C2 Swan band, the CD Gero¨ band as
well as diﬀerent CII, CIII and D transitions. KS3A
simultaneously observes the whole inner (ch2) and outer
divertor (ch1) by means of two wide-angle fibres (Fig.
1(a)), and, additionally, the region along the vertical tar-
get (vt) plates down to the corner of the inner (ch3) and
outer divertor (ch4) by means of two narrow fibres.
From shot to shot, one single fibre (I3–I7) from a set
was used for KME. However, as Fig. 1 shows, the lines
of sight are restricted at two locations in each divertor
leg: (a) between the two vt plates and (b) in the corner.
Information about the released species in the outer
divertor has been obtained by the second system which
consists of two spectrometers labelled KT3A/B. They
are in a direct line of sight and provide a good spectral
resolution [7]. KT3A/B have been used for the detection
of CD, C2, CII and D. The observed range of 150mm on
the horizontal target (ht) is divided between 12 channels
(Fig. 1(b)), and thus the spatial resolution is about
12.5mm on plates 4 and 5. However, the view of the sys-
tem is restricted at the corner entrance.
3. Experimental results and analysis
Plasma discharges with a sweep of the strike point
(SP) have been performed to get local information about
the carbon sources in the divertor. The SP and thus the
point of highest ion flux is used as a tool to scan along
the target plates and to analyse areas with diﬀerent
surface and impurity release properties like freshly
deposited amorphous hydrocarbon (a-C:H) layers. The
spectroscopic analysis of several discharges shows that
the erosion and deposition of a-C:H layers in the corner
region of the inner divertor seem to play a crucial role in
the carbon transport towards the louvre. There is no
indication from the spectroscopic analysis for the pres-
ence of similar types of layers in the corner region of
the outer divertor.
3.1. Inner divertor
An SP sweep from target plate 2 to 3 and, thus, over
the corner region was performed during the first part of
discharge #56976 (L-mode, 1.5MW ICRH). Fig. 2(a)
shows two spectra which were recorded by means of
KS3A (ch3) during the sweep. The first spectrum was
measured at t = 14.7s, where the SP was directly posi-
tioned in the corner, and the second one at t = 15.0s,
where the SP was already set on the ht plate (Fig.
2(b)). The second spectrum is representative of the inner
divertor and of SP positions on the ht or vt plate,
whereas the first one clearly shows additional features
which were identified as the diagonal transitions
(Dv = 0, ±1,!2) of the Swan band (d 3P! a 3P) of
C2. The insert in Fig. 2(a) shows the time evolution of
the C2 photon flux (/C2 ) taken from ch3 and ch2 of
KS3A. The peak at 14.7s is still visible in ch2, but the
absolute value is reduced in comparison to ch3 due to
averaging over the whole inner divertor span. The C2
photon flux was integrated at the band head (515.2–
516.7nm). The maximum in ch3 shows the massive local
increase of /C2 by more than a factor of five. TheFig. 1. The spectroscopic lines of sight in the JET divertor.
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Figure 1.11: Spectroscopic lines covering JET divertor [30]
the decomposition of soft hydrocarbon layers on the divertor. This was achieved measuring the
C2 Swan and CD Gero bands emission. The measurements were performed using two sets of
spectrometers observing two sectors of the divertor, as shown in Figure 1.11 [30]. Some of the ob-
servations of this set of experiments include the reduction of hydrocarbon species emission shot
after shot in L-mode discharges, evidencing progressive modifications of the deposited carbon
layers with plasma impacts. Additionally, a complete removal of deposited C:H layers was ob-
served by performing consecutive diagnosis of the same area the of divertor between identical
discharges. The QMB measurements were correlated with the spectroscopic results; massive de-
positions were obtained when maximum light emissions were observed. This set of experiments
highlighted two important necessities to characterize PFCs. First, the chemistry of the PFCs plays
an important role in their performance during operation, and as a consequence in the performance
of the machine, thus its study is of special relevance. And second, the time/shot to shot evolution
of this chemistry could have an important impact in the carbon migration phenomenon in toka-
mak machines.
Later studies in JET [31] included the quantification of tritium retention via imaging plate
technique. These results shown the distribution of retained tritium in the divertor. They found an
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Graphite probes have been used to collect plasma particles in the scrape-off layer of the TEXTOR plasma. Collected 
particles have been analysed by thermal desorption and mass spectrometric detection. It has been found that collected 
hydrogen particle fluxes fall exponentially with increasing distance from the limiters. Typical decay lengths are in the order of 1 
cm. Systematic differences in the amount of particles fluxes as well in the decay lengths have been observed between the ion 
and electron drift side of the probe, probably caused by differences in the connection lengths of the magnetic field lines. Initial 
experiments have been done to analyse. the collected metals Cr. Fe and Ni by thermal desorption from graphite after exposure 
to the plasma scrape-off layer. 
1. Introduction 
Solid probes exposed to the scrape-off layer of large 
plasma machines to collect the impinging particles have 
been used until now on most plasma machines. it has 
been shown (for a review see ref. [l]) that these passive 
probes are useful in the understanding of this scrape-off 
layer, where classic plasma diagnostics often break 
down. Using the particle collecting probes, the absolute 
amount of hydrogen fluxes, their radial and time pro- 
files as well as their temperature have been determined 
[l]. These data are important for the understanding of 
the physical behaviour of the scrape-off layer and are 
necessary to analyse the recycling and the chemical and 
physical erosion of limiters and other first wall compo- 
nents. For these reasons, several solid probe systems 
have been installed at TEXTOR [2,3]. The initial results 
will be reported here from a particle collection probe 
system which uses a thermal desorption technique al- 
lowing analysis of collected particles without breaking 
the vacuum. 
2. Experimental set up 
The measurements were performed in the scrape-off 
layer of the TEXTOR plasma extending from the plasma 
edge, which is determined by the limiters, to the plasma 
first wall formed at TEXTOR by the liner. Pyrolytic 
graphite samples were used to collect impinging par- 
ticles. Retained particles were determined by thermal 
desorption from the samples and massspectrometric de- 
tection. 
Important features of the experimental set up are 
shown in figs. 1 and 2. Fig. 1 shows a schematic view of 
the head of the apparatus which is exposed to the 
plasma boundary. Nine pyrolytic graphite strips of 3 X 
40 mm’ are mounted on a rotating cylinder in such a 
way that each probe can be heated separately by direct 
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current. The samples are positioned 3 mm behind a 
thick tube of stainless steel with two fixed apertures of 
10 x 14 mm’, one from the ion drift side and one from 
the electron drift side. The large areas of the apertures 
compared with the one of the samples guarantees a 
nearly complete transmission for the ions having differ- 
ent energies and therefore different gyro radii. 
The whole sample head can be moved back under 
vacuum in a special vacuum system, where the samples 
are ohmically heated to about 2200 K to desorb and 
detect the particles using a massspectrometer (fig. 2). In 
order to quickly reduce the hydrogen (deuterium) pres- 
sure background in order to obtain a sufficient sensitiv- 
ity of the mass spectrometer, the main chamber is 
separated from the linear motion system by a special 
sealing with a conductance of about 1 d/s. Each vacuum 
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Fig. 1. Schematic view of the sample holder. 
3. PLASMA EDGE EXPERIMENTS 
(a) Sample holder [32]
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Fig. 2. Schematic diagram of the experimental set up. 
system is pumped by a getter pump of about 1000 e/s 
pumping speed for hydrogen (deuterium) (SAES-getter- 
pump). A basic pressure of - 1 X lO* Ton is obtained 
for roughly 15 min after closing the gate valve to the 
TEXTOR vacuum system. During thermal dcsorption, 
the detection chamber is only pumped by a turbo pump 
of about 120 L/s pumping speed. The mass spectrometer 
with a cross-beam ion source has a direct view of the 
targets. This geometry allows the detection of non-gase- 
ous particles desorbing from the targets. The sensitivity 
of the massspectrometer for gaseous species has been 
routinely calibrated by a calibrated gas inlet, which is 
obtained by a gas flow through a very thin tube from a 
separated vacuum volume to the detection chamber. 
The gas pressure inside this volume has been measured 
absolutely and the conductance of the tube is de- 
termined for each gas used. The detection limit of the 
system is determined by desorption of hydrogen from 
surrounding parts of the targets during heating the 
targets. In the present stage it is about 4 x 1013 hydro- 
gen atoms. 
To obtain time-resolved results, the samples can be 
moved by a fast dc motor behind the apertures. Ex- 
posure times of each sample are controlled by a small 
computer (Kontron Psi 80). The minimum time to 
move from one sample to the other behind the apertures 
is about 60 ms. 
The results presented in this paper were mostly ob- 
tained during a period with a long series of shots with 
equal internal plasma parameters but with different 
geometrical limiter configurations. The main limiters at 
Textor consist of three movable parts, covering about 
30% of the poloidal circumference, three reference 
limiters with about 10% cover, and one poloidal closed 
limiter at fixed position, which shadows the NF an- 
tenna. The present results were obtained with samples 
at floating potential. 
3. Results and discus&on 
Only a few measurements have been performed until 
now on the time profile of hydrogen fluxes during the 
discharges. It has been measured that the hydrogen flux 
peaks in the first third of the discharge reaching about 
2-3 times the value of the flat top phase. No flux peak 
has been observed at the end of the shots during these 
measurements. In the following, movements will be 
reported which were obtained by inte~ating the flux 
during the discharges. 
Il. Ion energies 
It should be noted that the collection technique used 
can only detect all of those particles which have been 
retained. To estimate the reflection coefficient of the 
incident particle flux, we attempted to evaluate the 
temperatures of the particles by the saturation be- 
haviour of the retained hydrogen flux during exposure 
to 1, 2, 4 discharges [4]. A good fit of the data with 
empirical saturation data was obtained by assuming a 
Maxwellian energy of kT = 100 eV. This temperature is 
probably due to the acceleration of the ions in the 
Langmuir sheath potential of the probe and is equal to 
the one obtained on another collection sample 121. This 
value agrees with the value calculated by assuming a 
sheath of 3 kT, and using the measured electron temper- 
ature at the limiter edge of 30-40 eV [5]. This energy 
would result in a particle reflection coefficient of - 0.5. 
It should be noted, that more systematic measurements 
are necessary to prove the usefuhmss of this saturation 
method in evaluating ion energies. 
3.2. Collected particles jkxes and their radial prafiles 
Radial profiles of collected particles fluxes were ob- 
tained by moving the sample perpendicular to the mag- 
netic field lines from one shot to the other and measur- 
ing the amount of retained particles each time. During 
these measurements plasma conditions as well as limiter 
configurations were fixed. Typical plasma parameters 
are listed in table 1. 
A set of measured radial dependencies of the col- 
lected hydrogen fluxes is shown in fig. 3 in a semiloga- 
ritbmic plot. The plotted local particle fluxes were 
calculated from the measured collected fluxes, which 
(b) Analysis chamber [32]
Figure 1.12: PFCs analysis system used in TEXTOR
apparent correlation between the temperature of the PFC and their total tritiu retention.
Studies on PFCs diagnostics can also be carried out by i serting samples man factured with
the same materials that form the divertor and first wall. Th se s mples c be r tracte /inserted
and studied at any given point during the campaign, this gives an advantage compared with the
approach of manufacturing samples from used tiles. In this way, p st-mortem analysis can be
done in a shorter time scale, allowing the characterization f he effect of a single plasma config-
uration ran during a day or a week for instance, instead of th ffect of a averaged discharge ran
during a six moths period.
This approach was used in TEXTOR with the insertion of probes in the mid-plane of the toka-
mak. Initial studies included the use of graphite rods as plasma particle collectors in the SOL. The
holder was then retracted to an independent analysis vacuum chamber for thermal desorption
and mass spectroscopy analysis. Deuterium retention as a function of the distance from the lim-
iter was studied using this methodology. An attempt to measure deposition of metal impurities
was made as well but with moderated success [32].
The concentrations of oxygen, metals and deuterium were also studied using this probe com-
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bined with post-mortem analysis. Three cylindrical graphite rods were exposed to 13 discharges
during this experiments. The samples were later analyzed using RBS and NRA .
The results reported that in general the oxygen concentration in the rods was 15 to 25 times
higher than that of the metals (Cr, Fe, Ni) and 5 to 8 times lower than the concentration of deu-
terium. The studies included an analysis of the influence of external heating, plasma density and
other plasma parameters on the deposition rate of oxygen and the listed impurities [33].
characterising the plasma edge under new experimental
conditions. Secondly, the DED installation has reduced
the number of available diagnostic ports. As a conse-
quence, several diagnostic systems must be combined. In
the case of edge and SOL probes the solution was the
development of a transfer system designed as a multi-
user facility equipped with an interlock and a unified
coupling module to assure fast exchange of probe heads:
Mach, multi-pin Langmuir and a surface collector. The
transfer system for slow and fast movements was ready
before the machine shutdown for the DED installation.
For the first time it was used for exposure of a surface
collector operated in a fast reciprocating mode. Mea-
surements with a collector probe are based on the ex-
posure of a solid surface to the plasma, followed by
analysis of the targets with surface sensitive methods.
One measures net deposition (co-implantation) rates of
ions. Discrimination between fluxes of diﬀerent species is
the technique!s major advantage. The main purpose was
to determine the deuterium and impurity deposition
rates on graphite targets inserted 1–2 cm inside the last
closed flux surface (LCFS) and, from this, to infer
whether there is a preferential flow direction. Another
motivation was to extend earlier measurements, done
with a stationary probe [9–11] operated in the SOL, into
the very plasma edge. This experiment was carried out at
TEXTOR for the first time with several additional aims
such as a performance test of the transfer system and the
probe head itself. Last but not least, we wanted to gather
results under the limiter configuration of TEXTOR. In
the near future they will be compared with data obtained
in the presence of the DED shaped edge.
2. Experimental and modelling procedure
2.1. Probe experiments
The probe is moved to the vacuum vessel through a
horizontal port at the equatorial plane. It is located 45!
poloidally from the TEXTOR main limiter: a toroidal
belt limiter (ALT II) defining the minor radius at 46 cm.
An inclination angle (10!) of the probe system axis with
respect to the radial direction results in non-equal probe
immersion into the plasma: 10 mm deeper on the elec-
tron drift side than on the ion side. Three drives provide
the rotation (rotation speed up to 3 Hz, precision in
positioning 0.3!) as well as two modes of linear transfer:
(i) slow motion (up to 20 cm/s) for probe positioning in
the SOL and (ii) fast reciprocation (5 m/s) into the
plasma. For exposure of surface collectors the probe is
first moved slowly to the SOL and then reciprocated
(0.4–1.0 m/s) during a selected part of a discharge. In the
experiments described below, the entire reciprocation
stroke lasted 200 ms during which the probe end trav-
elled 2 cm deep inside the LCFS and was positioned
there for 100 ms. The temperature rise of the housing
during a stroke did not exceed 600 !C in ohmic dis-
charges.
Fig. 1. Surface collector probe: (a) a tantalum housing with 2 mm wide slits, (b) a graphite holder with ten groves for flux collecting
substrates and (c) flux collecting substrates.
730 B. Emmoth et al. / Journal of Nuclear Materials 313–316 (2003) 729–733
Figure 1.13: Fast reciprocating probe used in TEXTOR. (a) Molybdenum cover and (b) carbon sample holder (c) flux
collecting samples [34]
An upgraded probe was later implemented in TEXTOR (Figure 1.13). The new probe consisted
of an inner carbon sample holder with slots for ten samples. Silicon collectors were routinely used
to evaluate deuterium retention and influx of different impurities from the plasma e.g. carbon.
Silicon was the materials of choice for the collectors due to the low abundance of impurities in it.
Finally, the probe was equipped with an outer Mo shield (although tantalum was also used) with
two slits to control the exposure time [34]. The Si samples were studied post-mortem with NRA
and RBS .
The probe was able to expose the samples to stable plasma conditions using a rotation mechanism
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that aligned the slits of the Mo shield with the holder slots when plasma steady state conditions
were achieved. The effect on the plasma of the insertion of the probe was evaluated using other
plasma diagnostics and comparing the density before and during the insertion [35].
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(a) Si samples position on the divertor [36]
significant diﬀerence is found. The amount of carbon
deposited at the inner divertor is a factor of 2.8 larger
than at the outer divertor, which again is very similar to
Div II. In Div II the type of layers depends on the ori-
entation of the probe. Probes facing the magnetic field
direction towards the strike point, showed brownish
layers with a lower D/C ratio value, whereas probes
facing into the opposite direction showed transparent
layers with a higher D/C ratio value. At Div IIb, such
pronounced diﬀerences were not observed. Optical in-
spection of the divertor structure again reveals brownish
layers, but only very localised. Details of the data
analysis and layers characterisation are given in [6].
3. Layer growth during single shots
The deposition monitor technique allows only mea-
surements on a campaign-to-campaign basis. Very dif-
ferent scenarios are used for plasma operation, which
restrict dramatically the interpretation of the observed
layers. Obviously time resolved measurements are nec-
essary to identify the mechanism, which causes the layer
growth. For this reason QMB, which are commonly
used as monitors in industrial applications, were in-
stalled. These instruments measure the resonance fre-
quency of a quartz crystal inside an oscillation circuit.
The frequency is related to the density of the quartz
crystal and the mass deposited onto its surface. Because
of the distance from the vacuum flange to the monitor
position, modified instruments with an oscillator inside
the vacuum had to be applied [4]. Thermal load onto the
crystal changes its density and, by this, the resonance
frequency. The pulse length in ASDEX Upgrade is too
short to reach thermal equilibrium, which makes mea-
surements during a pulse impossible and restricts data
evaluation to a shot-to-shot base. Using ion beam
techniques and ellipsometry of the dismounted quartz an
absolute calibration of the deposited layer thickness was
obtained.
Three monitors are operating during the present
campaign. Two monitors are installed at the outer di-
vertor. QMB B is as close as possible to the divertor slits
and orientated in the toroidal direction, i.e. typically at
10! with respect to the magnetic field direction. Another
unit, QMB A, was mounted perpendicularly to the first
one, but further away from the slits. A third one, QMB
C, which is orientated as QMB B, was installed at the
inner divertor slits (Fig. 1).
The layer thickness as measured during the campaign
in 2001–2002 are shown in Fig. 2(a) for the three mon-
itors. The growth rate is almost constant, i.e. each shot
contributes to the increase of the layer thickness. Vari-
ation in the slope of the curve represents diﬀerent
plasma scenarios, with diﬀerent deposition rates. Typi-
cally several similar shots were combined during the
experiments. The two dips at shot 15 070 and 15 220 are
related to ICRH high power conditioning, which seems
to remove the layers. The gap in the data at shot number
15 500 is due to a venting of the vessel, which resulted in
an increase of the mass of the layers, presumably by
water uptake by the film. The two monitors at the outer
Fig. 1. Sketch of Div IIb showing the positions of the probes. Si wafer, used as deposition probes are indicated as open squares, QMB
as filled symbols and the Langmuir probe as a line. The insert clarifies the orientation of the probes.
Table 1
Comparison of properties of redeposited layers in Div II and Div IIb
Divertor D/C D/C C ratio D ratio C deposition
(atm !2s! )Facing towards
strike point
Facing away from
strike point
Inner/outer divertor Inner/outer divertor
Div II 0.42 0.84 3.0:1 2.4:1 2.2e19
Div IIb 0.74 0.92 2.8:1 2.1:1 2.0e19
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(b) Deposition monitors and diagnostics in the diver-
tor [37]
Figure 1.14: Erosion/deposition monitoring system in the divertor of ASDEX. In a). the dashed arrows indicate samples
facing parallel to the magnetic field lines whilst complete arrows point perpendicular faces. The redeposited layers are
generally found in the shaded areas in the figure. In b). Si samples are represented as empty squares, QMB as the filled
symbols and Langmuir probes as a line. The insert to the left illustrate the orientation of the probes [36, 37].
A different methodology to study PFCs was used in the tokamak ASDEX. There, Si samples
were placed in selected positions in the divertor to evaluate deposition and a-C:H layers formation
due to carbon migration. This was motivated by recurrent finding of brownish deposited layers
during vents following a campaign. Figure 1.14a shows the layout of collector Si samples during
the initial studies. A total of 12 collectors were placed in the divertor as shown in the figure. The
samples were later analyzed using ion based techniques, ellipsometry and SEM, in particular; D
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was detected with NRA, H was measured using elastic recoil detection and C and O were mea-
sured via RBS. The results documented the thickness dependence on the distance from the OSP
i.e. Si samples ∼73 mm away from the OSP had depositions almost 2.5 times higher than those
located ∼128 mm from the OSP. However, no dependence on the orientation of the samples with
respect to the magnetic field lines was found. Finally, the composition of the deposited layers was
found to be mainly carbon and hydrogenic species, with D/C ratios varying from 0.1 to 1.4 [36].
Studies in ASDEX-U continued with the installation of a QCM system in selected positions
of the divertor in addition to the Si collectors. The location of the samples and QCMs is shown
in Figure 1.14b [37]. Later experiments included the installation of marked tiles on the divertor
and central column during one experimental campaign following an upgrade. During this up-
grade the PFCs were change from C to W, by applying a 1µm coating of tungsten on graphite tiles
using PVD on the inner column, the inner divertor baffle and the tiles covering the upper passive
stabilization coil. Before and after installation, the marked tiles were characterized using RBS to
determine their thickness change. The tiles were exposed to 1205 plasmas with a total discharge
time of 5973 s [38]. To provide time resolved measurements of erosion (since those provided from
the tiles are time integrated) spectroscopic detection of W I line radiation in the visible range at
400.8 nm was used. For measurements at the central column, 10 chords were used. Additionally,
Langmuir probe data was also used to quantify W erosion rates [38]. This set of experiments in
ASDEX-U explored a newer approach to PFCs diagnostic, by combining different techniques to
analyze the materials\plasma and extending the analysis to capture time resolved effects of the
plasma on the surface.
TORE-SUPRA used a fast insertion probe situated on top of the torus. The probe was designed
to expose 10 carbon samples to direct irradiation in the SOL. The position of the probe was con-
trolled with respect to the LCFS with precision of ±5mm. Its capabilities included measurement
of plasma parameters using two Langmuir probes (directionally-sensitive) and the temperature
of the samples using embedded thermocouples. The probe consisted of two stainless steel trays
that housed five 9 mm x 9 mm x 2 mm samples. The samples analyzed post-mortem using TDS,
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Figure 1.15: DiMES device. Up-left: location in the divertor area of DIII-D, right-middle: Loading chamber, bottom-left:
DiMES sample holder [40]
NRA and SEM (performed before and after exposure to the plasma). The probe was was used to
evaluate effects on the morphology of the surfaces and deuterium retention on carbon [39].
The system used in the DIII-D tokamak, was the Divertor Materials Evaluation System (DiMES)
(Figure 1.15) [40]. This device is probably one of the most versatile instruments to characterize
PFCs. DiMES consists of a sample holder (Figure 1.15) to expose different materials to plasma
conditions in the DIII-D divertor. The samples can be later analyzed using different character-
ization techniques, usually NRA, TDS and XPS. However, what differentiates this device from
previous is the amount of diagnostics dedicated to support its experiments and the flexibility to
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expose to plasma different types of samples with different geometries to fit the needs of the stud-
ies.
068-05/rs
Porous Plug Experiment (Adam McLean, Dennis Whyte, 
Jim Davis, Peter Stangeby, Dmitry Rudakov)
Goal: “Chemical erosion study”, direct calibration of CD (molecule), CI (neutral) and  
CII (ion) spectroscopy for a known CH4 injection
Method: Inject methane through a porous graphite surface to simulate hydrocarbons
release from a carbon surface by chemical erosion
Diagnostics: Multi-chord Divertor Spectrometer (MDS), DiMES TV and lower tangential 
CID cameras
Figure 1.16: Set of diagnostics additional to the DiMES sample holder [41]
Figure 1.16 shows an schematic view of the multiple diagnostics used in synchronization with
DiMES including visible and infra-red cameras, filterscopes, Langmuir probes and thermocouples
[41].
Figure 1.17 shows some of the multiples configurations used with DiMES over several experi-
ments. Figure 1.17a shows a multiple sample configuration, where button samples were exposed
to evaluate the total erosion produced by plasma discharges with neon injection. The samples
included two depth-marked graphite disks, diamond coated silicon, tungsten and blank graphite
buttons [42]. Coatings, deposited layers and plasma effects on mirrors are of great interest for
the diagnostics community, since this type of devices are crucial to collect and direct signals in
spectroscopic techniques, Figure 1.17b shows a configuration of DiMES in which mirror samples
are tested. Figure 1.17c is the design used in the gap experiments where tritium deposition in
not accessible areas of the divertor (as gaps between tiles) was studied. The configuration shown
in Figure 1.17d was used for carbon migration studies; there the OSP was swapped over a car-
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068-05/rs
DiMES and MiMES will continue to study surface materials and 
resolve tokamak PMI issues
z Continue to address ITER critical issues identified by ITPA.
z Continue to perform tile gap, metallic mirror,  and surface 
material exposure experiments as a function of temperature.
z Use MiMES exposures to learn about chamber wall erosion and 
deposition, PMI issues and radial transport
z Continue to study C dust migration, W-coatings, innovative 
surface material designs, like BW-mesh, and support the 
development  of advanced diagnostics: hydrogen sensor, 
advanced quartz micro balance, advanced Langmuir probe
z Benchmark to modeling is a key objective
z Welcome collaborations in experiments, modeling, data 
analysis, short and long term personnel exchanges
Multiple materials
sample Mirrors sample
Tile gap sample DiMES sample withC dust 
Fast probe and MiMES
materials sample
B W-Mesh
(a)
068-05/rs
DiMES and MiMES will continue to study surface materials and 
resolve tokamak PMI issues
z Continue to address ITER critical issues identifi d by ITPA.
z Continue to perform tile gap, metallic mirror,  and surface 
material exposure experiments as a function of temperature.
z Use MiMES exposures to learn about chamber wall erosion and 
deposition, PMI iss es an  ra ial transport
z Continue to study C dust migration, W-coatings, innovative 
surface material designs, like BW-mesh, and support the 
development  of advanced diagnostics: hydrogen sensor, 
advanced quartz micro balance, advanced Langmuir probe
z Benchmark to modeling is a key objective
z Welcome collaborations in experiments, modeling, data 
analysis, short and long term personnel exchanges
Multiple materials
sample Mirrors sample
Tile gap sample DiMES sample withC dust 
Fast probe and MiMES
materials sample
B W-Mesh
(b)
068-05/rs
DiMES and MiMES will continue to study surface materials and 
resolve tokamak PMI issues
z Continue to address ITER critical issues identified by ITPA.
z Continue to perform tile gap, metallic mirror,  and surface 
material exposure experiments as a function of temperature.
z Use MiMES expo ures to learn about chamber wall erosion and 
deposition, PMI issues and radial transport
z Continue to study C dust migration, W-coatings, innovative 
surface mat rial des gns, like BW-mesh, and support the 
d velopment  of advanced diagnostics: hydrogen sensor, 
advanced quartz micro balance, advanced Langmuir probe
z Benchmark to modeling is a key objective
z Welcome collaborations in experiments, modeling, data 
analysis, short a  long term personnel exchanges
Multiple materials
sample Mirrors sample
Tile gap sample DiMES sample withC dust 
Fast probe and MiMES
materials sample
B W-Mesh
(c)
068-05/rs
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068-05/rs
DIII–D Divertor Diagnostics and Erosion/Redeposition 
Measurements
Depth marked carbon sample 
with Be and W strips
z Relevant DIII–D toka ak divertor diagnostics:
— Fixed Langmuir probes: Te and ne on tiles
— EFIT for magnetic field configuration
— Divertor Thomson scattering: SOL/ edge ne, Te
(including very low Te in detached pl sma),
— Infrared thermography (IRTV) for surface temperature    
— Visible cameras with interference filters for carbon 
line emission 
— High resolution visible spectroscopy,
— Thomson scatt ring: upstream ne, Te
— Charge xchange recombination spectroscopy for 
impurity concentrations in the core plasma
— Fast camera
z Absolute measurement of net erosion (SNL):
— Rutherford back scattering (RBS) analysis on Si depth   
marked samples (precision: ±10 nm)
— Nuclear Reaction Analysis (NRA) for transported Be
on DiMES surface
— NRA d(3He,p)a nuclear reaction with a 700 keV 3He      
analysis beam for deuterium retention measurement
(e)
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Figure 4. (a) Tungsten castellation in DiMES graphite housing;
(b) side view of the castellation removed from the housing;
(c) flux-facing poloidal gap surfaces of blocks 2 and 5 after
exposure in DIII-D.
the catcher plates near the gap entrance, as measured by
nuclear reaction analysis, was 3⇥ 1015(±25%) atoms cm 2
at the gap side facing the incident plasma flux and 1.7⇥
1015(±25%) atoms cm 2 at the shaded side. For comparison,
D density near the gap entrance at the shaded side of the gap
after the previous heated exposure was⇠4⇥ 1015 atoms cm 2
(see figure 2(b) in [11]).
Shaping of castellation cells is another way to reduce
impurity and fuel accumulation in the gaps. First studies of
the impact of castellation shaping in TEXTOR [14] showed a
significant reduction of the fuel inventory in the shaped cells,
accompanied with only a marginal reduction of the carbon
transport. To investigate the impact of castellation shaping
under fluxes incident at shallow angles, a special DiMES
tungsten castellated sample was manufactured (figure 4).
Rectangular castellation blocks (1–4 in figure 4(a)) were
mounted in a graphite enclosure flush with the divertor tile
surface, along with a strongly shaped block similar to those
exposed in TEXTOR (6 in figure 4) and a block of optimized
(less pronounced) shaping (5 in figure 4) to allow a direct
comparison between the three geometries. Shape optimization
was required to minimize the plasma-shadowed areas believed
to be responsible for the enhanced carbon accumulation in the
shaped gaps.
The castellated DiMES sample was exposed in a series
of ten identical LSN ELMy H-mode discharges (134 248–57)
with a partially detached OSP and NBI heating power of
5 MW for a total of⇠45 plasma seconds. During the exposure,
the castellation was located in the private flux region and kept
at the ambient temperature. After the exposure, thin stripe-like
deposition patterns were formed on the side walls of the
gaps (figure 4(c)). Analyses of the deposition patterns were
made with electron-probe micro-analysis technique (EPMA).
An intensity of K↵ emission from an inner-shell electron
of a carbon atom was used to estimate the absolute areal
carbon concentration and its e-folding length in the downward
direction on the poloidal side walls of the gaps. On the
sides of all blocks (rectangular, strongly and moderately
shaped) facing the plasma flux (incident along the toroidal
magnetic field, BT, in figure 4(a)), the e-folding length,
 ec, was between 0.4–0.6 mm (the measurement accuracy
was rather poor due to the deposition thickness being much
smaller than the surface roughness). At the same time,
there was a significant difference in the carbon deposition
patterns measured on the sides of the blocks shadowed
from the incident flux: on the plasma-shadowed side of the
strongly shaped cell (right side of block 5 in figure 4(b))
 ec was around 1 mm, whereas on the plasma-shadowed
side of the moderately shaped cell (right side of block 4 in
figure 4(b)) and on the corresponding side of the rectangular
cell (block 1)  ec was ⇠0.25 mm. The integral amount of
carbon accumulated in the poloidal gaps between rectangular
blocks was 1.1⇥ 1017 atoms (between blocks 1 and 2) and
1.7⇥ 1017 atoms (between blocks 2 and 3). The amount of
carbon in the strongly shaped gap (between blocks 5 and 6)
was comparable at 1.6⇥ 1017 atoms, while the amount
of carbon in the moderately shaped gap (between blocks
4 and 5) was the lowest at 8.6⇥ 1016 atoms, showing
advantages of shaping optimization in the reduction of carbon
deposition in the gaps. However, we should not over-interpret
these results, since the deposit thickness was very small.
A longer-term exposure of a similar castellated sample was
recently performed in DIII-D. The results are still in the
process of analysis and will be reported elsewhere.
5. Mirror studies
Previous experiments with diagnostic mirrors in DiMES
demonstrated a strong reduction of the carbon deposition on
the mirrors at an elevated surface temperature [10, 15], which
was also in line with the findings from ASDEX Upgrade [16].
An alternative mitigation approach involves a local deuterium
gas injection in the vicinity of the mirrors. Following a
successful application of this ‘gas puffing’ technique to
achieve active control over deposition in TEXTOR [17], a
dedicated experiment was performed with diagnostic mirrors
in the divertor of DIII-D. Two polycrystalline molybdenum
mirrors were installed on the DiMES mirror holder [10, 15]
and exposed in the private flux region of the lower
divertor of DIII-D to seven identical NBI-heated high-density
(ne/nGW ⇠ 1) H-mode discharges (132 772–78). Massive
puffing of the deuterium gas (D2) at a rate of 71 Torr l s 1
was provided during the exposure discharges using a capillary
system located 12 cm upstream from the DiMES position at
4
(f)
Figure 1.17: Different configurations of the DiMES sample holder [41, 42]
bon powder deposit located on top of DiMES and the content in the core was then analyzed via
spectroscopy. Figure 1.17e displays a graphite holder with one W and one Be strip to study redepo-
sition and materials migration. Finally, Figure 1.17f shows a configuration to study fuel retention
in castellated structures, a main concern in machines as ITER [41, 42].
Some of the contributions of DiMES and DIII-D to the PFC community include [41]:
• Quantified net erosion rate of C, W, V, Be and Si.
• Collection of data to benchmark modeling codes such as REDEP [43–45].
• Quantified the D/T uptake of carbon and different metallic coatings.
• Quantified tokamak dust migration and dust transport.
• Developed advanced PFC diagnostics.
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and some of this gas is released following the dis-
charge. This is known as dynamic retention and is
studied by measuring the global particle balance
of gas fueling and exhaust [6,7]. This data set has
time resolution but no spatial information on the
location of the surfaces involved. Hydrogen can also
be codeposited with eroded B, Be or C and the layer
growth results in a continuous increase of the in-ves-
sel hydrogen isotope inventory [8–10]. These depos-
its are measured by surface analysis of tiles retrieved
from tokamaks. In contrast to the gas balance data,
this data set has well-defined spatial resolution but
no time resolution within a particular operational
campaign. Quartz crystal microbalances (QMBs)
are used to monitor the growth of thin films and
have the advantage of both a well defined spatial
location and time resolution. Their spatial coverage
is limited as they cannot be used in high heat flux
areas, also they cannot resolve changes during a dis-
charge. Nontheless they oﬀer valuable data on
material gained and lost from discharge to discharge
at well defined locations in low heat flux areas and
these measurements can be used to challenge models
of dynamic retention and erosion/deposition and
advance a predictive understanding of processes
occurring at the plasma boundary and wall.
Previous quartz crystal microbalance measure-
ments of the growth of thin films in the lower diver-
tor of Asdex-U have shown the role of neutrals and
of a parasitic plasma [11]. On JET the deposition
was found to depend on the distance from the
QMB to the divertor strike point [12]. Film deposi-
tion at !30 nm/h was measured with a QMB on
TEXTOR [13]. On the National Spherical Torus
Experiment (NSTX) two QMBs were previously
installed in a location 0.77 m from the plasma that
mimicked a typical diagnostic mirror [14]. Interest-
ingly, a slow rise in deposition in the inter-pulse
period was observed and it was suggested that this
may be related to the condensation of polymer-like
films after each discharge.
2. NSTX experimental setup and calibration
The National Spherical Torus Experiment is
aimed at exploring the physics of high beta and high
confinement in a low aspect ratio device [15].
Plasma facing components that are in contact with
the plasma are protected by a combination of
graphite and carbon fiber composite tiles. The sur-
face temperature of the tiles at the outer divertor
strike point can increase to 250–500 !C during a
high power discharge [16]. For the 2005/2006 NSTX
campaigns the QMBs were positioned in 7 cm wide
slots in the upper and lower outer divertor at Bay H,
7 cm back from the tile surface. A third QMB was
installed at the outer midplane at Bay I, 10 cm out-
board of the surface of the nearby neutral beam
armor (see Fig. 1). Each microbalance contained a
quartz crystal that oscillated at a frequency close
to 6 MHz, the precise frequency depending on the
deposited mass and crystal temperature. The oscilla-
tion frequency was measured with a ModelockTM
system that is immune to mode hopping and was
acquired every 2 s by a RS232 link. The manufac-
turer [17] specifies a measurement precision of
0.1 Hz or 0.012 nm for unit density per 0.25 s
sampling time. The film mass was calculated from
the frequency constant of the AT cut crystal that
was provided by the manufacturer and was in good
agreement with independent measurements by
nuclear reaction analysis [14]. For estimation of
the film thickness a nominal density of 1.6 g/cm3
was assumed. A 90% transmission mesh covered
the crystal and the results below include a ·1.1 cor-
rection factor. An intermittent in-vessel fault in the
Bay I QMB limited the midplane data coverage.
A type K thermocouple was attached to each
QMB crystal housing to track the temperature.
Fig. 1. Cross section of half the NSTX vessel with center column,
divertor and passive plates. The QMB locations are denoted by
stars.
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AT cut crystal quoted by the manufacturer is 166,100 Hz cm and
the sensitivity was confirmed by ion beam analysis [8]. Ref. [9]
contains more details on the QMBs and their geometry.
Before lithium evaporation the QMBs showed a transient rise in
mass due to dynamic retention of deuterium at the time of the
plasma discharge followed by a slow decay as reported previously
[9]. During lithium evaporation these transients were superposed
on an upward slope due to the lithium deposition on the lower
divertor. During the prefill and post-discharge phase of a shot, ves-
sel pressures are in the 10!4 torr range. At these elevated pressures
lithium transport changes from molecular flow to the viscous flow
regime so that lithium can diffuse to regions that are shadowed
from a direct line-of-sight to the evaporator. Fig. 2 shows the effect
of a gas-only pulse (without plasma) that filled the vessel with
1.3 mtorr (0.18 Pa) of deuterium and interrupted the deposition
on the lower Bay H QMB while the upper Bay H QMB, that was
out of line-of-sight of the evaporator and that previously did not
show a rise, now indicates a small rise in mass. Deposition on
the lower QMB resumed about a minute later during the pump
out when the lithium mean free path approached the dimensions
of the NSTX vacuum chamber.
The mean free path (k1) of neutral lithium in molecular deute-
rium was calculated from the momentum transfer scattering cross
section (r12) using the formalism in Ref. [15] for a multicomponent
gas. The cross sections were calculated on basis of highly accurate
calculations of LiH ground singlet (X1Rþ) and triplet (a3Rþ) poten-
tial curves, using coupled cluster singles–doubles–triples–quadru-
ples (CCSDTQ) method with unrestricted Hartree-Fock [16],
equivalent to the full configuration interaction for the four-
electron systems, and are in good agreement with the full valence
CI calculations of Boutalib et al. [17]. Fully quantum–mechanical
calculations of the cross sections, convergent in partial waves,
were performed in the range 10!4–0.12 eV, using Johnson method
of logarithmic derivatives [18,19] and applying plane-wave bound-
ary conditions for nuclear motion at Rmax = 100 Bohrs. The singlet
and triplet potentials were smoothly matched to the asymptotic
van der Walls form [20]. The calculated mean free path of Li at
627 !C in a hypothetical atmosphere of 1 mtorr (0.13 Pa) of atomic
deuterium at 27 !C is 3.94 cm. The momentum transfer cross sec-
tion of lithium on molecular deuterium was estimated from
Li + D cross section using analogy with comparison of fully quantal
results of H + D and H + D2 in Refs. [18,19]. The mean free path of Li
at 627 !C in 1 mtorr of molecular deuterium at 27 !C is estimated
to be 7.7 cm and varies inversely with the D2 pressure.
NSTX discharges are typically followed by intershot HeGDC ini-
tiated by two anodes at the Bay G and K midplane with the vessel
wall being the cathode. The glow discharge helium pressure is
2.5 mtorr (0.33 Pa) with 450 V and 1.5 A per electrode [10]. Fig. 3
shows the interruption of deposition on the lower QMB from the
time of the introduction of helium until after the HeGDC is termi-
nated and the He pumped out. The Li–He mean free path was cal-
culated using the same approach as for deuterium with the
diffusion cross sections from Ref. [21]. The mean free path of neu-
tral lithium at 627 !C in 2.5 mtorr of helium at 27 !C was calculated
to be 2.7 cm. This is consistent with the interruption of deposition
on the lower QMB and slight rise in upper QMB before and after,
but not during the HeGDC. The additional factor in the glow dis-
charge is ionization of Li and its drift in the electric field to tiles
in the vicinity of the evaporator. Heavy lithium deposition was ob-
served on these tiles after the end of the campaign when the vessel
was opened for inspection. The momentum transfer cross sections
of Ref. [22] were used to calculate the mean free path of Li+. At
627 !C in 2.5 mtorr of helium at 27 !C it is 0.50 cm, somewhat
smaller than the mean free path of neutral lithium because of
the stronger interaction of Li+ and He. The evaporated lithium
undergoes diffusive transport in helium until it is ionized, and then
a diffusive drift back to the wall where it formed a thick coating.
3. Mechanical stability of thick films
The unprecedented >400 s duration anticipated for ITER plas-
mas will facilitate the generation of thick codeposits. Quartz micro-
balances can offer information on the mechanical stability of
deposits in contemporary tokomaks that is otherwise difficult to
diagnose in-situ. Previously a sharp decrease in mass over seven
discharges was reported on NSTX QMBs in a different geometry [8].
Fig. 1. Top view of the NSTX vessel with center stack, location of the LiTER
evaporator and the QMBs. The major radius of the vessel wall is 1.7 m.
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Fig. 2. Curve (a) shows the rise in mass on lower QMB during lithium evaporation
interrupted by a deuterium gas-only pulse. In contrast the upper QMB (b) which is
shadowed from the evaporator shows a small rise during the gas pulse. The data for
(b) has been multiplied #10 and offset by !155 lg/cm2 to bring the curves to the
same frame. Curves (c) and (d) show the respective deposition rates. The LiTER
temperature cooled from 671 !C at 17.1 h to 657 !C at 17.35 h.
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Figure 1.18: Different QMB configurations used in NSTX; (a) Poloidal view [46], (b)Toroidal view [47]
In addition to the list above, DiMES continues to the date providing useful information about
PFCs in graphite based tokamaks.
In NSTX, several approaches have also been tested to investigate plasma effects on PFCs.
These include fabrication of samples from tiles after a complete campaign for post-mortem anal-
ysis, installation of QMBs in different spots of the machine and insertion of probes with sample
holders. All these accompanied by particles balance analysis.
During the 2005-2006 campaign in NSTX a set of three QMB were installed in the machine
to evaluate carbon erosion and deposition in plasma shadowed areas i.e. the upper and lower
divertor and outboard mid-plane. A poloidal section of NSTX with the QMBs can be seen in Fig-
ure 1.18a. The installation of this set of sensors was motivated by the results of a similar experi-
ment performed in 2003 to study the effects of materials deposition on diagnostic mirrors [48]. Ad-
ditionally in the 2005-2006 experiments, 24 Si witness coupons were distributed toroidally around
NSTX. The composition of the Si coupons and the crystals was analyzed post-mortem with NRA.
A considerable deposition was observed all times in the first discharge of the day. This study
attempted to correlate the measured mass gain with plasma parameters as shot length, stored en-
ergy and change in plasma shape.
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Later, in 2007, a new set of measurements was obtained with the QMBs (Figure 1.18b). During
this campaign a considerable amount of Li was introduced in NSTX in order to provide better
conditioning of the PFCs (chapter 1) using the LiTER system. The Li deposition on crystals shad-
owed by and under (in line-of-sight) the LiTERs was compared. Other results associated with the
experiment include a study of the changes in the transport of lithium from the evaporator to the
PFCs due to collisions with neutrals during HeGDC [47].
Figure 1.19: PMI device. (a) Port for residual gas analyzer and samples exchange, (b) pumping port, (c) probe drive,
(d) probe head and (e) Detail of the probe head with four samples installed [49]
During the 2010 NSTX campaign, a device known as the Plasma Materials Interaction (PMI)
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(Figure 1.19) probe was used [49]. This probe was essentially a sample holder where four differ-
ent substrates could be placed. The holder was located on the end of a linear translator probe;
the head then could be inserted in the lower divertor zone of NSTX. This system was equipped
with an analysis chamber, where the samples could be retracted for TDS analysis. Post-mortem
characterization of the samples was made with XPS.
The PMI probe program preceded the MAPP probe. The valuable results produced by this
diagnostic despite of its simplicity were encouraging enough to take the device one step further.
There, TDS data provided quantitative information on fuel retention, as well as an initial charac-
terization of formation of oxides on Li coatings applied on graphite PFCs. As an additional effort,
to complement the PMI probe results, multiple samples were manufacture from tiles used during
the campaign and analyzed post-mortem via XPS [20, 49, 50].
As it was pointed out at the beginning of the chapter, the primary goal of this section was
to provide a general context on the area of PFCs diagnostics by presenting a short summary of
research efforts in different machines. The second objective of the chapter was to present the mo-
tivation behind the design of MAPP. As shown through the chapter, several approaches have been
used to characterize plasma effects on surfaces and materials in tokamak machines. However, lit-
tle attention has been paid to the study and understanding of the effects that those surfaces have
on the plasma and its performance. Numerous studies have documented the dramatic effect that
surface conditioning has on the performance of tokamaks and stellarators. Several techniques
have been developed and perfected over the years to properly prepare first walls, limiters, diver-
tors and vacuum vessels in order to minimize the emission of impurities, fuel recycling, erosion
and redeposition. All this shows that the plasma/surface relation is symbiotic and very dynamic,
meaning that all the changes in the plasma conditions will modify the surface facing them and
vice versa. For this reasons, even though the methods exposed in this section provide results of
great scientific relevance, they still fail in deciphering the complexity of the plasma-surface inter-
action phenomenon.
As a consequence the need for a system capable of analyzing samples of materials during the
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course of a campaign is crucial in the path to develop better PFCs. With such a system, the gap in
the detailed documentation of the evolution of materials exposed to tokamak plasmas and, more
importantly, the effect on plasma performance of the state of these materials can be filled.
1.2.1 The Materials Analysis Particle Probe (MAPP)
The Materials Analysis Particle Probe (MAPP) [51–53] is and in situ characterization facility de-
signed to be attached to tokamak machines to allow the study of the chemistry of samples exposed
to plasmas.
The main goal of this device is to provide insights on the evolution of PFC materials in a shot
to shot basis. With this in mind MAPP, was designed to perform rapid characterization of the
samples in between plasma discharges.
MAPP’s analysis capabilities include: X ray Photoelectron Spectroscopy (XPS), Low Energy
Ion Scattering Spectroscopy (LEISS), Direct Recoil Spectroscopy (DRS) and Thermal Desorption
Spectroscopy (TDS). Additionally, sputtering cleaning, low energy beam irradiation and samples
heating are also possible.
MAPP’s chamber is shown in Figure 1.20. The diagnostic hardware includes:
• Dual filament X ray source
• Hemispherical electrostatic energy analyzer
• Ion source
• Residual Gas Analyzer
• Samples probe head:
– Independent sample heaters
– Langmouir probes
– Independent sample thermocouples
MAPP was designed to be attached in bay K in the lower divertor region in NSTX (Figure 1.21).
The geometry of the chamber was carefully planned for both fit in the limited space under the
tokamak, and to ensure the proper alignment between all the components and obtain their best
performance during the analysis.
The device carries four samples in the specially designed probe head (Figure 1.22).
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Figure 1.20: MAPP Chamber
Each sample can be analyzed and thermally treated independently, thanks to rotation of the
probe head and four button heaters. The head can be rotated via a Geneva drive mechanism
(Figure 1.23a) included in the lower end of the thermionics below assembly (Figure 1.23b).
When operating, the sample holder is inserted in the tokamak’s vacuum vessel flush with
the first wall or divertor. The samples can be exposed to the same conditioning procedures and
plasma shots as the surfaces inside the machine. The samples can be then retracted for analysis in
MAPP’s chamber after one or several plasma discharges. A basic sequence of operation is shown
in Figure 1.24.
Given the strict safety measurements used in a facility as NSTX-U, no personnel is allowed
in the test cell (location of the tokamak) when the machine is operating i.e. surface conditioning
like GDC, boronization or lithiumuzation is occurring or plasma discharges are being carried
out. As a consequence each piece of equipment in MAPP has to be controlled and operated via
remote control. The initial version of MAPP had an IGOR-PRO based remote control [52]. This
software then transmitted the control orders via a custom designed circuit. The control system
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Figure 1.21: Schematic of MAPP installed in NSTX
Figure 1.22: MAPP’s probe head
and software were upgraded in 2012 to provide more flexibility when adding new hardware. The
upgraded included a new circuits and a LabView® based software.
More details about MAPP’s software, hardware and interlocks will be given in another section.
MAPP was installed in LTX for the 2012 and 2013 campaigns; a summary of the experience
34
CHAPTER 1. INTRODUCTION
(a) . (b) .
Figure 1.23: a). MAPP-Thermionics probe assembly (side view) b). Geneva mechanism drive
Towards  
NSTX-U  
Divertor 
Towards  
MAPP-U 
Analysis  
Chamber 
Time 
Baseline  
Acquisition 
Insertion and 
plasma exposure 
Retraction and 
Characterization 
(XPS, ISS, TDS) 
Samples ready 
for new exposure 
to plasma after  
analysis time tA 
0 min 
~ 10 min to 
Plasma exposure 
to+ 5 min to+ 5 min + tA 
Figure 1.24: MAPP’s exposure sequence in NSTX-U
gained this period of time will be given in another section as well. Additionally, the discussion of
the results obtained in LTX will also be provided in the same section. Finally, the summary of the
procedures required for MAPP’s installation in NSTX-U will be given. The last part of the same
chapter is dedicated to the plans and future experiments for MAPP in NSTX-U.
1.3 Problem description and hypothesis statement
Although most of the work presented in this document is focused on the development of MAPP’s
instrumentation, the methodical application and use of the diagnostic to address a particular prob-
lem is also included.
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In 2011 the LTX team reported data relating plasma performance with the temperature of the
coatings on the walls. The results showed a decrease in the quality of the plasma when the tem-
perature of the walls was raised above the melting temperature of Li [54].
surface temperature between the inner and the outer shell
surfaces, which is negligible at room temperature, and esti-
mated to be over 20 !C at 300 !C, depending on the exact
thermal emissivities of the inner and outer shell surfaces, and
the inner wall of the vacuum vessel.
Reliable Thomson scattering data were not available for
this series of discharges. However, we see that the difference
in the extreme ultraviolet (EUV) emission spectrum for a
discharge just below the melting point of lithium, and at or
just above the melting point of lithium is more pronounced
than the difference in plasma current, and is shown in
Figures 9(a) and 9(b). Here (a) and (b) correspond to the dis-
charges marked in Figure 8. Both discharges were run as the
shell system cooled, with a benchmark (outer shell surface)
thermocouple reading of 146 !C for (a) and 169 !C for (b).
For discharge (b), the inner shell surface is estimated to be
slightly above the melting point of lithium, whereas for dis-
charge (a) the inner surface should be below the melting
point. Note that the discharge denoted by (b) occurred earlier
in time than the discharge denoted by (a), since the shells
were continuously cooling during this phase of the experi-
ment. The EUV spectrum in Figure 9(a) indicates emission
from relatively high ionization states, with significant emis-
sion lines from oxygen V and VI. In contrast, the spectrum
in Figure 9(b) is devoid of emission lines, indicating a much
lower electron temperature for this discharge. This emission
spectrum was typical of all discharges run with the shells at
or above this temperature.
The LTX vacuum conditions during this experiment
were considerably improved, compared to the earlier hot
shell experiment. Active bakeout and cooling of the vacuum
vessel had been implemented, which limited the evolution of
impurities from the vessel wall during hot shell operation.
RGA spectra taken at times corresponding to the discharges
marked (a) and (b) in Figures 8 and 9 show no significant dif-
ferences, as shown in Figures 10(a) and 10(b). Note that,
similar to the RGA trace shown in Figure 6, the primary
background gas is hydrogen—but in this case the partial
pressure of hydrogen is reduced by two orders of magnitude,
to the low 10"7 Torr range, for both discharges. Other impu-
rity gases are only present at very low levels, in the mid to
low 10"9 Torr range. The difference in discharge perform-
ance clearly cannot be attributed to degradation of back-
ground vacuum conditions for discharge (b) compared to
discharge (a); there is little difference in the vacuum condi-
tions for the two discharges.
Emission from low ionization states of oxygen and other
impurities indicates that the degraded discharge performance
above the melting point of lithium may be due to a difference
in impurity influx into the discharge for solid and molten
lithium wall coatings. A comparison of the visible emission
from oxygen II, for the discharges noted (a) and (b) in Figure 8,
FIG. 8. Evolution of the plasma current with temperature. Discharges run
during the shell heating cycle are in red; discharges run as the shell was
cooling are indicated in blue. The heating experiment ran over a 3 day pe-
riod. In the figure, a “.” denotes a discharge on the first day of the experi-
ment, a “þ” denotes a discharge on the second day of the heating cycle, a
“!” denotes a discharge on the third day of the heating cycle. Discharges
during the shell cooldown all occurred on one day. Note that the tempera-
tures are referenced to the outer surface of the shell, rather than the inner,
plasma-facing surface. Discharges against walls which are heated above the
melting point of lithium show a marked degradation compared to discharges
run against walls just below the melting point. Two discharges are indicated
in the plot—discharge “a” was run with the plasma-facing surface just below
the melting point of lithium, and discharge “b” with the plasma-facing sur-
face just above the melting point, when the temperature is corrected for the
thermocouple location.
FIG. 9. (a) EUV emission spectrum for a discharge with the wall just below
the melting point of lithium (marked “a” in Figure 8), and (b) EUV emission
spectrum for a discharge with the wall just above the melting point of lith-
ium (marked “b” in Fig. 8). No emission lines are seen for a molten wall
film.
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Figure 1.25: Evolution of the plasma current with temperature in LTX, labels a). and b). represent discharges with the
walls at temperatures just above and just below Li melting temperature respectively [54]
This behavior can be seen in Figure 1.25. An attempt to provide an explanation to this behav-
ior is made in this wo k.
The development of the hypothesis will be based on two main issues, each one of them with
specific questions:
• Hydrogen species retention
– What is the mechanism by which Li coatings on stainless steel trap hydrogenic species,
thus decreasing recycling?
– What happens to those mecha isms when the temperature of the substrate increases?
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Four hypotheses have been developed based in the general questions:
1. In graphite substrates, chemical reactions of lithium, carbon and oxygen trap deuterium
atoms to the walls reducing recycling. We conjecture that similar mechanisms will play a
comparable role in stainless steel substrates.
2. Since liquid Li is known to retain high hydrogen concentrations, then at high temperatures
lithium coatings on stainless steel should retain high concentrations of hydrogen if the con-
densed state is predominantly liquid.
3. Since Li has a high affinity for impurities (e.g. C, O, N, H2O) Li deposition may not give a
pure 100 % Li surface coverage, emission of impurities should be expected.
4. Deuterium irradiation on Li coatings drives large quantities of oxygen to the surface, a simi-
lar mechanism that increases oxygen concentration on the surface is expected either in solid
or liquid state.
These hypotheses will guide the design of experiments and facilitate interpretation thought
the entire study.
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The Materials Analysis Particle Probe
Upgrade (MAPP-U)
P
Revious work done by Heim et al. [52,53] included the initial design of the chamber, vac-
uum systems and the selection of the equipment for MAPP. The present work focuses
in the description of MAPP’s current state i.e. after the start of the upgrade process.
This section presents MAPP’s capabilities in terms of their components; the interaction between
the different pieces of hardware will be shown as well. The specific LabViewr driver imple-
mented for either the particular technique or device will be also presented.
Given the access constrains, due to safety reasons, to the test cell where NSTX-U and as con-
sequence MAPP are located, the control, set up and operation of the devices in MAPP has to be
done remotely. The general communications scheme is given in Figure 2.1. MAPP is attached to
bay K in NSTX-U, an electronics rack, containing all the power supplies and controllers is located
next to MAPP’s chamber. The communication between the rack and the devices on the chamber
will be listed later. All the devices in the rack are connected to an Adnaco box, this device receives
the signals from all the different ports and sends the signals via optical fiber to a PC located in
the DARM. MAPP’s user would operate the facility via remote desktop with the PC in the DARM
from the control room of NSTX-U.
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Control Room
DARM
MAPP’s
Rack
Bay K
NSTX-U
Ethernet
connection
Optical fiber
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Power 
connection
Data
connections
MAPP’s 
PC
Figure 2.1: MAPP-NSTX-U Communication scheme. The connections between MAPP’s rack and the DARM is facili-
tated with an Adnaco box
Prior to a detailed explanation of the independent systems, it is useful to provide a list of the
main components:
• Pressure gauge with controller
• X ray source
– TX 400 power supply
– Spellman power supply
• Hemispherical energy analyzer
– Matsusada power supply
– Custom designed voltage divider
– Two SRS power supplies dedicated to the Einzel lenses system
• Micro channel plate (MCP) detector
– SRS power supply
– Agilent digital counter
• Ion source with controller
– Gas Manifold system
* Pneumatic valves
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* Leak valve with controller
• Residual gas analyzer
• Sample heaters
– Custom design temperature control system
* Multiple thermocouple reader Texas Instruments card
* Custom design power circuit (heaters)
On chamber device On rack device Communication type Technique
Pressure gauge Pffeifer Controller RS-232 General diagnostic
X - ray source TX 400 power supply Custom/NI 6009 Card XPS
Spellman power supply
Hemispherical Matsusada power supply
energy analyzer Custom designed voltage divider
Einzel lens SRS 1 power supply GPIB
SRS 2 power supply XPS/ISS/DRS
Micro channel SRS 3 power supply
plate detector (MCP) Agilent digital counter
Ion source Non sequitur controller USB
Leak valve Pffeifer controller RS-232 ISS/DRS/Ion Cleaning
Pneumatic valves Custom designed circuit Custom/NI 6009 Card
Residual gas analyzer RS-232
Sample heaters Custom designed circuit Custom/NI 6009 Card TDS/ General diagnostic
Sample thermocouples NI 9211 card NI 9211 card
Table 2.1: List of main hardware components in MAPP
Table 2.1 provides details of the type of communication used by each device and the technique
in which it is used. Column Communication type in the same table, informs the type of connection
between the particular device and the Adnaco box.
Now that a broad description of the communications scheme has been given, the configuration
of the individual components will be presented.
2.1 Hardware description
2.1.1 X ray gun
The source emits soft x rays of a particular wavelength. The gun heats a thoriated tungsten fila-
ment using a current of 15 mA. Electrons are emitted from the filament by thermoelectric effect.
The electrons are then accelerated towards one of the anodic plates that is biased with 3 kV. This
particular source is equipped with two anodes, one made of Al and a second one made of Mg. The
atomic rearrangements produced by the collisions of electrons and atoms in the anode precipitate
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the emission of X rays from the plate. The energy of the X rays produced by the Al plate is 1486.6
eV, whereas that for the Mg plate is 1253.6 eV.
HV connections (Custom)
Water lines
Custom control cables
(labeled)
Interlock cables
USB
3 lines 18 AWG 300V
X ray source
Spellman Power 
Supply
TX-400 Power Supply
Chiller
High voltage power 
supply (black box)
Instruments Rack
Adnaco 
Box
(optical 
output)
POWER
STRIP
NO. 4
POWER
STRIP
NO. 3
POWER
STRIP
NO. 1
FLOW
METER
120 vAC-12vDC
3 lines
Amphenol
M85049/52-1-10N 1141
1 line
M17/75
RG214
5 pin
Amphenol
connector
2 lines
STAS20
connector
3 lines
24 AWG
3 lines
24 AWG
3 lines
24 AWG
Figure 2.2: X-ray gun connections diagram
Figure 2.2 shows an schematic of the connections necessary to operate the X ray source. Two
supplies power the gun and a custom built circuit controls them. The PSP TX 400 supply powers
the filaments and the Spellman SL600 supply provides the anodic plates with the 3 kV required to
attract electrons.
Two high voltage lines run from the TX 400 and Spellman supplies towards the gun. The gun also
includes two safety interlocks, their connections are shown with purple lines in Figure 2.2. One of
the interlocks is connected to a safety cover around the gun, this prevents the operation with HV
elements exposed. The second interlock is wired to a flow meter. This meter checks that the flow
of water to cool the anode plates is sufficient for proper operation of the gun.
The source can operate in local or remote modes. A detailed procedure to operate the gun in
both modes is given in ref [55] and is provided as an appendix in this document.
41
CHAPTER 2. THE MATERIALS ANALYSIS PARTICLE PROBE UPGRADE (MAPP-U)
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  
	  
	  
	  
	  
	   	   	  
USB	  
COMMON	  
wire	  nut	  
	  
Power	  Supply	  set	  to	  20V	  
TX400	  Digital	  Switches	  
(0V	  or	  5V)	  for:	  
Filament	  Control	  1/2	  
Filament/Emission	  
Select	  
R	   R	   R	  
V3	  	  	  	  	  	  	  	  	  	  	  V2	  	  	  	  	  	  	  	  	  	  V1	  	  	  	  	  	  	  	  
Out	  to	  Solenoids	  
1	  2	  3	  4	  5	  6	  7	  
1	  1	  1	  1	  1	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4	  3	  2	  1	  0	  9	  8	  
LM324	  Op	  Amp	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
14	  pin	  5V	  Reg.	  24V	  
Control	  	  	  	  	  
Signal	  
5V	  
wall	  
wart	  
Arrowheads	  =	  coming	  into/leaving	  black	  box	  
Lines	  =	  connections	  inside	  the	  black	  box	  
GND	  	  	  	  	  	  	  	  	  	  8	  	  	  	  	  6	  	  	  	  4	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
12V	  
wall	  
wart	  
Spellman	  	  
HV	  
On/Off:	  	  	  	  	  	  	  	  	  	  
0-­‐15V	  
Spellman	  
HV	  
voltage:	  
0-­‐10V	  
Furman	  Power	  Relays:	  
0V	  =	  ON	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
10V	  =	  OFF	  
TX400	  
current:	  
0-­‐6V	  
X	  
X	  
Figure 2.3: Custom designed circuit schematic. This circuit drives two power supplies, the gas manifold system and
the hard interlock system
As a part of the upgrade of MAPP a custom design circuit was included to control the power
supplies and allow the integration of those components with LabViewr. The circuit is based in
a NI 6009 card and a Arduino UNO R3 card. The schematic representation of the circuit is shown
in Figure 2.3. Since this circuit interacts with several subsystems, for the sake of simplicity, just
the section related with the x ray gun will be discussed here. In the same way, each section of the
circuit will be progressively discussed when the corresponding component of MAPP be discussed.
To operate the gun the circuit uses two analog and three digital outputs in the NI 6009. The
analog outputs are used to set the emission and filament currents in the TX 400 power supply
and the anode voltage in the Spellman power supply. The digital outputs control the filament or
emission modes in the TX 400 supply and turn on and off the HV in the Spellman supply. The
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signals from the NI 6009 card are amplified as needed in each case by the operational amplifier
LM324.
All the tasks are controlled by a LabViewrVI which will be discussed later.
2.1.2 Hemispherical energy analyzer
Inner
plate
Outer
plate
Slit
plates
Einzel lens
MCP
Assembly
μ-metal box
Figure 2.4: Hemispherical energy analyzer main components
MAPP is equipped with a hemispherical analyzer (Figure 2.4) to be able to discretize the
charged particles (photoelectrons in the case of XPS and ions in the case of ISS or DRS) in dif-
ferent values of energy. The analyzer is composed of two hemispherical plates that can be biased
as desired according to the value of energy to be measured.
The energy of the particles that follow a trajectory from the entrance of the analyzer towards its
outlet can be controlled by setting the voltage difference between the inner and outer plates. This
energy is called the pass energy of the configuration. For the specific type of analyzer used in
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Name Symbol Value
Entrance and exit aperture ω 3.0 mm
Angle subtended by the spherical sector φ 144◦
Mean turning radius R 18.3 mm
Sample to entrance distance L 5.9 mm
Table 2.2: AC-900B analyzer relevant paramenters
MAPP (Comstock AC-900B), this quantity can be expressed in terms of the potential difference as:
Eo = 2.254 ∆V (2.1)
Two modes of operation are possible with this type of analyzer i.e. constant transmission
mode and sector field sweeping. The MAPP analyzer uses the first, in this case the voltage differ-
ence between the plates is kept constant thus keeping constant the energy of the particles that fly
through the analyzer. The potentials in the analyzer are then swept to obtain an energy spectrum
(as required by XPS, DRS or ISS).
The relative energy resolution of the spectrum is a function of the pass energy and the FWHM
of a particular peak (∆E, also known as absolute resolution). For spherical sector analyzers the
relative resolution can be expressed as:
∆E
E
=
ω
R (1− cosφ) + Lsinφ (2.2)
The name and value of the parameters in Equation 2.2 for the AC-900B analyzer are given
in Table 2.2.
A study to find the most efficient value of pass energy for MAPP was performed by Heim [52].
According to those results, the best pass energy value is 50 eV. This value provides good absolute
energy resolution combined with high data acquisition speed, an important feature for MAPP,
due to the constrains in time when collection data between plasma shots.
The absolute resolution associated with a 50 eV pass energy can be calculated plugging the
values in Table 2.2. This yields a ∆E of 2.05 eV.
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Figure 2.5: Hemispherical energy analyzer connections diagram. The block labeled ”High voltage power supply (black
box)” contains a voltage divider that distributes the power in the analyzer
Figure 2.5 shows the connections diagram of the hemispherical analyzer. A Matsusada power
supply provides the voltage to energize the inner, outer and slit plates in the analyzer. This supply
allows variations of tenths of volts providing better energy resolution. A custom designed voltage
divider distributes the power between the plates from a common connection with the Matsusada
supply. The voltage set point in the supply is controlled by a VI, this output is computed for
each value of energy to obtain a spectrum. The binding energy can be obtained applying energy
conservation to the photon-sample system:
KE = hν− BE (2.3)
Epass = KE−Vslit (2.4)
Where KE is the kinetic energy of the emitted photo electron, Epass is the pass energy in the
analyzer and Vslit is the retarding potential in the entrance of the analyzer and BE is the binding
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energy that kept attached the emitted electron to the target atom in the sample.
A force balance on a test charge crossing the analyzer with a kinetic energy equal to Epass can be
used to obtain an expression for Vslit:
Vslit =
RinnerVinner − RouterVouter
2Ro
(2.5)
Where Ro is the radius of the equipotential trajectory that the particles have when traveling
through the analyzer with energy Epass. Using Equation 2.4 and Equation 2.5 an expression for the
binding energy in terms of the photon energy and the voltage in the analyzer can be obtained:
BE = hν− Epass − e · Vslit (2.6)
Equation 2.6 can then be used together with experimental calibrations [53] to set the voltage
of the Matusada power supply as:
VM = −6.5 + hν− BE + Epass − Epass2 ∗ 2.254 (2.7)
Where VM is the voltage set point in the Matsusada.
2.1.3 MCP detector interface
MAPP is equipped with a MCP to detect the charged particles that make it through the analyzer. A
MCP is a thin disc (∼2.0 mm) made of a highly resistive material e.g. lead glass with a great num-
ber of perforations going from one face to the other. The wholes are oriented with an small angle
(∼8.0◦) with respect to the faces of the disc. A MCP acts as a dynode, multiplying the amount of
charge that is incident on it. When an electron or ion collides in one of the channels of the MCP
(the angle of the channels increases the probability of collision) secondary electrons are released
from the MCP, those new particles generate new collisions thus multiplying and amplifying the
charge flow [56].
MAPP is equipped with a two MCP detector assembly. The channels are oriented in a chevron
configuration, there, the channels in the plates are oriented 180◦ from each other. This configura-
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tion improves the charge multiplication when compared with a double parallel or single configu-
ration. In the chevron orientation, particles that leave the first plate will collide with the second,
increasing the charge amplification.
A voltage around 1000 V per plate and ideally UHV (pressure > 1x10−7 Torr)conditions are
required for proper and safe operation of the detector. The total current at the outlet of the MCP
can then be collected and counted.
In MAPP, the assembly containing the MCP is attached on the outlet of the hemispherical
analyzer via a threaded connection as shown in Figure 2.4.
Analyzer
SRS - 1
Agilent counter
+ _
Adnaco 
Box
(optical 
output)
Instruments Rack
Closed MHV
cable completes 
circuit
POWER
STRIP
NO. 4
MHV cables
GPIB cable
BNC cable
3 lines 18 AWG 300V
Figure 2.6: MCP connections diagram
Figure 2.6 shows the connections scheme of MAPP’s MCP. One power supply (SRS-1) and one
digital counter (labeled Agilent counter) are used to run the detector. The SRS-1 supply biases the
assembly with 2100 V, providing 1050 V to each plate. The counter reads the signal that leaves the
detector with a pre stablished frequency and voltage thresholds (to filter noise). Both devices are
connected, as most hardware in MAPP’s electronics rack, to the Adnaco box.
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The information collected by the counter is later synchronized with the Matsusada power supply
(which is translated to binding energy with Equation 2.7 and Equation 2.6) to obtain a XPS spec-
trum. The synchronization between the power supply and the counter is carried out by a VI that
will be presented later.
2.1.4 Ion gun interface
MAPP is equipped with a NTI 1404 focused ion gun. The gun has both surface conditioning (ion
sputtering cleaning) and diagnostic (ISS and DRS) purposes. The beam energy of the gun can be
varied between 5.0 eV and 1.0 keV, with a maximum beam current of 10 µA.
The gun generates electrons by heating a tungsten filament, these charges then ionize a gas
influx connected to the back of the gun, the ions then are extracted from the ionization section of
the gun and the beam is finally accelerated or decelerated to the desired energy before colliding
with the sample after leaving the source. The size of the beam can be controlled by modifying the
voltage to the focusing lens in the source.
Figure 2.7 shows the connections to the gun from its controller. The connections of the gas
manifold system, which regulates the flow and type of gas to the gun are also included. The
electrical connections for the gun are simple, and only a 5 pin Amphenol connector needs to be
plugged to energize the source. The controller interfaces with the Adnaco box and the PC via a
USB port.
The gas system will be discussed next.
2.1.5 Gas control system
Figure 2.8 is a detailed view of the block labeled ”Gas manifold system” in Figure 2.7. This system
regulates the rate at which gas is feed to the ion gun. Two pneumatic valves control the flow
between the gas tank, the rough pump (used to purge and clean the system) and the leak valve
(which performs a fine adjust of the gas flow towards the ion gun).
The valves V1 and V2 are controlled with digital signals from the NI 6009. The signal is am-
plified and conditioned to be send to the valves as shown in Figure 2.3. The valve V1 controls the
48
CHAPTER 2. THE MATERIALS ANALYSIS PARTICLE PROBE UPGRADE (MAPP-U)
5 pin Amphenol cable (Custom)
Gas lines
Custom control cables
(labeled)
RS 232
USB
Leak valve custom cable
3 lines 18 AWG 300V
Ion gun
Ion gun controller
Manifold controller box
Gas 
manifold 
system
Instruments Rack
Adnaco 
Box
(optical 
output)
Pfeiffer valve controller
Leak Valve
Ar Air
POWER
STRIP
NO. 4
POWER
STRIP
NO. 3
6 lines
24 AWG
5 lines
Amphenol
2 KV
5 lines
DIN
Figure 2.7: Ion gun connections diagram
influx of gas to the system, while V2 controls the output to the rough pump. The proper sequence
of operation of this valves, allows purging of the system and supply gas to the gun [57].
The leak valve is a Pfeiffer EVR 116 motorized valve with a dedicated Pfeiffer RVC 300 con-
troller [58].
Two VIs are involved in the control of this system, both will be discussed in an upcoming
section.
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Figure 2.8: Gas manifold system scheme
2.1.6 Temperature control system
A PID based temperature control was implemented for the heaters in MAPP samples. The system
is based in two NI cards, the NI-6009 to actuate four SSR opening and closing the pass of current
through the heaters, and, a NI-9211 card, this card is equipped with four analog inputs, optimized
to read data from thermocouples, this card provides the control loop with the necessary feedback.
Figure 2.9 shows the connections between the main pieces of equipment in the temperature
control system. The heaters and thermocouples are placed under the samples in the holder (fig-
ure 1.22) and are only active under UHV conditions, both components are connected to a custom
built box (heater controller in Figure 2.9), that reads/sends the data from/to the heaters and ther-
mocouples. The box is connected via USB with the Adnaco box, the data is then managed by a
VI.
Figure 2.10 shows two internal schematic views of the heaters controller box. The SSRs men-
tioned are shown Figure 2.10a, the signals from the NI-6009 card are transferred to the relays via a
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Figure 2.9: Temperature control system scheme
RS-232 port. A 10:1 transformer is used to provide the heaters with a current high enough to reach
their maximum temperature (∼ 1200◦C). Figure 2.24 shows the correct ports and pins connection
to the cards.
As mentioned above, both cards interact with the PC where a VI performs the control tasks.
The heaters can be programmed to run a constant set point or different temperature ramps, gen-
erally used to perform TDS. The data read by the thermocouples is stored with a respective time
stamp to allow easy synchronization with RGA data, facilitating the obtention of TDS spectra with
little post processing.
2.1.7 Vacuum monitoring system
To monitor and maintain the vacuum conditions in the chamber, MAPP is equipped with three
main devices.
Figure 2.11 shows the schematic configuration of MAPP’s vacuum hardware. A full range
51
CHAPTER 2. THE MATERIALS ANALYSIS PARTICLE PROBE UPGRADE (MAPP-U)
1
9
+
+
H 4
H 2
H 3
H 1
SSR 4
SSR 2
SSR 3
SSR 1
120 
VAC
+
+
12 VAC
RS-232
to NI-6009
Main switch
TC 1
TC 2
TC 3
TC 4
(a) Power connections, the connections to the RS232 port show the
correct color/pinout correspondence with the SSRs
MAPP 
PC
1 2 3 4 5 6 70
NI-9211
TC
 1
TC
 2
TC
 3
TC
 4
From multi-thermocouple connector
2
4
2
3
2
0
3
1
2
5
NI-6009
From RS-232 connector
(b) Data connections
Figure 2.10: Heaters controller box internal connections
RGA
Pressure gauge cable
RS 232
3 lines 18 AWG 300V
Pfeiffer gauge 
controller
Ion gauge
Adnaco 
Box
(optical 
output)
Instruments Rack
120 vAC-12vDC
RS 232
Connector
POWER
STRIP
NO. 3
POWER
STRIP
NO. 4
6 lines
DIN
AWM 2464
300V
Ion pump
Figure 2.11: Vacuum monitoring system scheme
pressure gauge Pfeiffer PBR 260 reads continuously the pressure in the chamber. The gauge is
equipped with a dedicated Pfeiffer controller that interacts with the Adnaco box via RS-232 pro-
tocol. The reading of this diagnostic is used as safety interlock for several devices in MAPP e.g. X
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ray gun, MCP and Ion pump. If the pressure higher than the safe value (1x10−6 Torr for the MCP
for example), the respective VIs don’t allow hardware operation.
MAPP is also equipped with a RGA. The RGA monitors the presence of different molecules in
the chamber. The RGA has three main uses in MAPP:
1. Leak checking
2. Vacuum contamination diagnosis
3. Thermal Desorption Spectroscopy
Number one and two are routine uses for a RGA in any vacuum chamber. In number three, the
data is produced by the RGA with respective time stamps. Those values are then synchronized
with the temperature readings as mentioned in subsection 2.1.6.
The last component in this subsystem is the ion pump. An ion pump ionizes gas molecules by
generating an electron cloud on its anode, the ions interact with the cathode of the pump (attach-
ing to or sputtering it). The cathode atoms later interact with neutrals and other ions, producing a
net pumping effect. Once the pressure in MAPP’s chamber is under certain threshold (∼1.0 x10−6
Torr) the ion pump can maintain UHV conditions and reach pressures below 5.0 x10−8 Torr. The
ion pump interfaces with its VI driver via a RS-232 connection with the Adnaco box as shown
in Figure 2.11.
2.2 Software description
This section describes the VIs designed as drivers for the different pieces of equipment, subsystem
or technique. The drivers have been developed with emphasis in easy the task of operating MAPP
and, at the same time provide the user with as many experimental options as possible. The VIs
also offer the possibility of storing all the data that the user considers necessary, and include safety
prompts to avoid overwriting of files. Other priority when designing the drivers was to keep the
level of complexity required to do an initial set up of MAPP to the minimum. The VIs, if used
properly, should be simple to run for the first time, and the communications with the different
pieces of hardware easy to set up from any PC.
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Figure 2.12: Pressure gauge driver control panel
Figure 2.13: Pressure gauge driver algorithm
Figure 2.12 shows the driver of the pressure sensor in MAPP. This VI is presented first since it
is the main vacuum diagnostic in the chamber and its reading is used as safety interlock for the X
ray gun and MCP operation (Figure 2.13). This VI includes the following functions:
• Current pressure display
• Pressure gauge ON/OFF
• Data acquisition ON/OFF
• Data storage ON/OFF
• Rate of data acquisition and storage modification
• Pressure units modification
• Pressure history display
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2.2.1 X ray gun VI
Figure 2.14: X ray gun driver
Figure 2.14 shows the control panel of the X ray gun driver. The VI controls the TX-400 and
Spellman power supplies. The supplies have to be energized and powered up following a particu-
lar sequence, the VI carefully executes this sequence to increase the life time of the gun’s filament.
After proper execution of the turn on procedure the VI will inform the user that the device is ready
to be used by displaying ON in the Gun State indicator. A diagram with a pseudo-algorithm of
the VI is shown in Figure 2.15 As mentioned in section 2.2 simplicity is a priority thus this VI only
requires to flip a switch to run the X ray gun, a task fairly complicated otherwise.
2.2.2 MCP VI
Figure Figure 2.16 displays the control panel of the MCP driver. This detector is powered by a
SRS power supply. The rate at which the voltage on the plates is increased has a great effect in
their lifetime. The potential has to be increased slowly if the chamber has been vented and the
plates have been close to atmospheric pressure for any amount of time, the same rate can be faster
if the plates have been under UHV conditions for a certain amount of time, this is, the voltage can
be increased faster if the MCPs have been previously degassed. For this reason the VI offers the
possibility of turning on the detectors setting the voltage increment per second depending on the
conditions. Recommended Step Size values can be found in [55]. The VI will increase the voltage
up to 2100 V, the recommended operational voltage for a dual detector. It will also inform the user
about the current set points and output voltage(Figure 2.17).
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Figure 2.15: X ray gun driver algorithm
Figure 2.16: MCP driver control panel
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Figure 2.17: MCP driver algorithm
2.2.3 Gas control system VI
(a) Leak valve control panel (b) Pneumatic valves control panel
Figure 2.18: Gas manifold system drivers
Figure 2.18 shows the two VIs used to control the gas manifold system in MAPP. Figure 2.18a
shows the Pfeiffer leak valve driver. This VI allows fine control of the gas flow to the ion gun. The
functions include:
• Mode change
– Close; keeps the valve close regardless of the flow set-point.
– Control; sets the valve’s aperture depending on the flow set-point.
• Flow set point selection
• Valve position reading
• Leak rate reading
• Minimum and maximum leak rates and pressure warnings
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Figure 2.19: Leak valve driver algorithm
Figure 2.20: Pneumatic valves driver algorithm
The sequence of operation of the valves and gun to perform ion irradiation cleaning can be
found in reference [57]. All the information to set up the gas manifold system can be found in the
same reference.
2.2.4 Ion gun VI
Figure 2.21: Ion gun VI front panel
The front panel of the VI used to control de ion gun is shown in Figure 2.21. The VI was
supplied with the gun from NTI. It provides easy control and feedback of important parameters
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Figure 2.22: Ion gun driver algorithm
in the operation of the gun e.g. current in the filament, beam energy and voltage in focusing
rings( Figure 2.22). Instructions and a procedure for proper conditioning of the using the VI can
be found in reference [57]
2.2.5 Temperature control system VI
Figure 2.23: Control panel of sample heaters driver
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Figure 2.24: Data panel of the sample heaters driver
Figure 2.23 and Figure 2.24 show the control and data storage panels of the sample heaters
driver. This VI controls the circuit and hardware shown in subsection 2.1.6. The temperature data
is read from the NI-9211 card and displayed as a function of time in the front panel. Different
set points can be entered for each sample. Additionally different heating ramps can be selected,
and the initial temperature for each ramp can be specified. Data saving can be activated and
deactivated depending on the user’s needs and criterium. Finally, the control parameters can be
modified and tuned to improve the system’s response and behavior.
Figure 2.25: Temperature control algorithm
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Figure 2.26: XPS VI tasks diagram
2.2.6 XPS VI
Figure 2.27 and Figure 2.28 show the control and data panels of the XPS data acquisition VI.
This VI controls the Matsusada power supply (and as a consequence the energy analyzer) and
the Agilent counter. The VI synchronizes both devices to obtain counts at different values of
voltage. It later translates that information in to obtain a spectrum showing intensity as a function
of binding energy. Figure 2.26 shows a schematic representation of the tasks performed by the
XPS VI. The parameters of the scan can be set by the user to perform wide or region scans. The
available parameters include (Figure 2.27):
• Initial Energy of the scan
• Final Energy of the scan
• Energy step during the scan
• Gate time; period in which the counter adds pulses
• Trigger, voltage threshold to distinguish noise from signals
The VI informs:
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Figure 2.27: Control panel XPS VI
• Current energy value
• Correspondent voltage set-point in the Matsusada power supply
• Counts at value of energy
• Anode material (Mg or Al) to correctly compute binding energy
• Remaining time to finish scan and remaining scans (when doing a multi scan measurement)
The data panel allows the user to set information associated with data saving and naming:
• Operator name
• Sample name
• Number of scans to run
• File location
• Additional comments
All the information listed above is saved automatically by the VI in a text file with the same
name as the sample name plus the string “ Comments”. Additionally, the VI saves a preview of
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Figure 2.28: Data panel XPS VI
the scan as a .bmp file with the same name as the sample name.
2.2.7 Safety Interlocks
MAPP is also equipped with two levels of safety interlock systems. One soft system, that depends
in the pressure in the chamber and decides whether is safe to operate sensitive equipment such as
the X ray gun or the MCP detector. The second system, the hard interlock, depends in user input
and input from the NSTX-U control room. The NSTX control room sends a 24 V signal when is safe
to operate MAPP (no plasma shots are being executed and NSTX-U is not operating). When this
signal is removed, MAPP’s operator is asked whether the equipment is in stable or de-energized
state, if the operator fails to answer this request, the hard interlock system cuts the power to the
electronics rack, turning off all the hardware in it and in the chamber.
Figure 2.30 shows an schematic representation of the tasks and interactions making the soft
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Figure 2.29: Main override control VI
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Figure 2.30: Soft and Hard interlock systems tasks diagram
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and hard interlock systems. The main signal for the soft system is the pressure reading from the
pressure gauge, this value is written to a global variable that the drivers of the fragile hardware
read. If that value is greater than a safe value, set by the user, the VIs don’t allow the operation of
the device.
In the case of the hard interlock system, the main signal is the 24 V from the control room, that
signal is feed to two Furman voltage controllers. When the Furmans don’t register the signal they
start a count down of 20 s.
When the count down starts, the operator can interact with the Furman controllers via the
VI shown in Figure 2.29, the LEDs will turn off as the listed devices are deactivated. If all the
hardware is safely turned off, the operator can override the hard interlock system and keep the
power to the electronics rack active.
2.3 Calibrations
XPS data calibration was part of Heim’s work in the initial version of MAPP [52]. However, due
to the upgrade started in 2012 as detailed in chapter 2 considerable changes were made on the
whole facility and the control system and software were completely changed. For this reason new
calibrations were performed to guarantee the high quality, reliability and precision of the XPS
results.
Figure 2.31: XPS spectra for a gold sample. Left is wide scan and right is 4f doublet peak region scan
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Since it is chemically inert and its most intense XPS peaks are easily registered, a gold (Au)
sample was used for energy calibration. Figure 2.31 show the results of the energy calibration
measurements performed in MAPP right after the implementation of the control software pre-
sented in section 2.2.
The left side in Figure 2.31 shows the wide scan of the gold sample. Three prominent peaks
can be observed in the scan; the peaks at 531 eV and 287 eV are attributed to oxygen and carbon.
Those peaks are observed in most samples tested with XPS, and are associated with contamination
due to manipulation and the interaction of the samples with the atmosphere. More interestingly,
two peaks are registered at lower energies (∼90 eV) those peaks are associated with Au.
The right side in Figure 2.31 is a region scan between 100 and 50 eV. There, the gold doublet can be
clearly seen, the 4f5/2 at 92 eV and the 4f7/2 at 89 eV peaks are easily distinguishable. Both peaks
are shifted to higher energies when compared with those reported in the literature [21,59], which
list them at 88 and 84 eV. The shift can be attributed to charging of the samples, an issue com-
monly observed in XPS systems [21]. However, the difference between the centers of the peaks is
consistent with that reported in the literature within low percentage of error. The peaks shown
in Figure 2.31 have a separation ∆BE≈3.25 eV, while for those reported in the literature ∆BE≈4.0
eV, yielding an error of ∼6.0%.
It was also of great importance during the calibrations, to ensure that the signal (photoelec-
trons) collected by the energy analyzer were originated from one of the samples only. As men-
tioned MAPP’s sample holder can carry four different samples, if one of the neighbor samples had
influence in the results of the sample under analysis this would defeat the purpose of the multi
samples design. For this characterization/calibration, the gold sample and three stainless steel
samples were used.
Figure 2.32 shows an schematic representation of the sample holder during the experiment, ad-
ditionally the same figure includes the wide XPS scans of each sample. The yellow circle in the
figure, represents the gold sample. As it can be seen, the spectra, both wide and region scans,
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resemble those observed in Figure 2.31, and the remaining scans, that belong to the stainless steel
samples, include only oxygen and carbon peaks (due to surface contamination as explained be-
fore).
These set of data confirmed that the collection angle of the analyzer was small enough to scan
a spot of only one sample. It also confirmed proper alignment of the analyzer, the X ray gun and
the samples holder. In fact, the probe head alignment procedure includes a XPS scan of a gold
sample to confirm a successful installation.
As it has been mentioned in several sections in this document, MAPP was designed to be used
attached to magnetic plasma confinement devices to test candidate fusion materials. As such, we
included in the calibrations data set, one of the most promising materials in the PFCs area. Fig-
ure 2.33 shows a region scan of a tungsten sample.
Two peaks are observed in this scan, at 36.5 and 34.8 eV. The same peaks are reported in the lit-
erature at 36 and 34 eV (4f5/2 and 4f7/2 respectively). There an additional application of the W
calibrations can be seen; energy resolution is always a concern in XPS experiments. The measure-
ments in W, given the fact that the separation between its most intense peaks is merely 2.0 eV can
be use as reference to evaluate the resolution of the analyzer.
MAPP captured those peaks with good precision, however, the resolution was not good enough
to easily distinguish the peaks, in this case, a peak fitting routine can be used as the main tool to
analyze the data. This is a common feature of analyzers as the one in MAPP, given their low size.
However, the energy resolution was good enough for the type of studies planned in MAPP i.e.
interaction of Li, C, O, D and H, which generally occurs via the formation of oxides, hydroxides,
peroxides, etc, that are commonly separated by more than 3.0 eV in the binding energy scale.
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Figure 2.32: Four different XPS scans for four different samples
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Figure 2.33: Tungsten 4f doublet peak region scan
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The Lithium Tokamak eXperiment (LTX)
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Fig. 4. Electron stored energy (We) as function of total stored energy (WMHD) for
similar discharges with andwithout lithium coating of lower vacuum vessel region.
We is from volume integration of density and temperature data from Thomson
scattering (TS) diagnostic, andWMHD is from EFIT MHD equilibrium analysis.
cable heaters. The shell has two toroidal breaks and two poloidal
breaks (the breaks in the shell are most clearly shown in Fig. 7).
The outer equatorial plane break provides toroidally continuous
diagnostic access, as well as an electrical break. The two toroidal
breaks provide access for diagnostics such as Thomson scatter-
ing and the microwave interferometer system, which require good
poloidal access. The shell is seen mounted in the vessel in Fig. 6(b).
The bonded stainless steel inner shell surface functions as a bar-
rier to prevent attack of the copper by the liquid lithium. The copper
backing is primarily designed to distribute heat and inhibit hot
spot formation, either from the discrete electrical heaters or from
plasma contact. Modeling [16] also indicates that the conducting
shell, with a time constant of 140ms, will have a significant effect
on the plasma stability. Explosive bonding of the stainless to the
copper backing was chosen only after several alternative electro-
Fig. 5. Illustration of liquid lithium divertor (LLD) being installed in lower vacuum
vessel of NSTX. Graphite tiles containing diagnostic sensors separate each of four
LLD segments in outer divertor region.
plated and plasma-sprayed surfaces failed to protect the copper
from attack by liquid lithium. Surfaces which failed include hard
chromium plating over nickel, and plasma-sprayed tungsten and
molybdenum. Thin electroplated nickel inhibits attack of the cop-
per by liquid lithium, but onlyup to temperatures in the400–500 ◦C
range. The outer surface of the shell is plated with nickel, as are all
other copper structures in the tokamak. A second shell is in fab-
rication, which will be plasma-sprayed with a 0.1–0.2mm thick
coating of porous molybdenum on the inner stainless steel sur-
face. Porous molybdenum has been shown to retain thicker layers
of lithium than can be achieved with thin films on stainless steel.
Molybdenum of 30–60% porosity has been tested, and a porosity
of approximately 50% has been chosen for the coating. Both the
stainless steel inner surface for the first shell, and themolybdenum
Fig. 6. Elevation (a) and section (b) of LTX, showing the internal heated shell.Figure 3.1: Elevation (a) and section (b) views of LTX [19]
L
TX (Figure 3.1) is a spherical torus magnetic confinement device located at PPPL. Its
major radius and minor radii are 40 cm and 26 cm respectively. Plasma current in LTX
is ∼40 kA and plasma density around 1 x 1018 m−3. The PFCs in LTX are 0.16 cm thick
stainless steel (304L) explosively welded to 0.95 cm thick OFHC copper [60]. LTX operates with
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Btoroidal =2.1 kG and τdischarge ∼30-35 ms. The discharges are limited to the shells of the vessel since
the machine is not equipped with a divertor [54].
A distinguishing feature of LTX when compared with other tokamaks of same dimensions and
operational parameters is the capability of deposition of Li coatings on its shells and being able to
run plasmas with those coatings on solid or liquid state.
Two methods of Li deposition were used in LTX while MAPP was installed in the machine. Dur-
ing the 2012-2013 campaign, two evaporators were inserted in the mid plane of the machine. The
evaporators deposited typically 4 g of Li during each evaporation using yttria crucibles as con-
tainers. The evaporators operated with a He backfill of the vessel at around 5 mTorr to ensure
even deposition over the shells.
In the 2013-2014 campaign lithium was first deposited on the lower shell of the machine drop-
ping it via a hole in the bottom of a tungsten crucible surrounded by a tantalum heater, capable
of achieving 600◦C temperatures. The system was equipped with a tungsten plunger that pushed
the Li out of the crucible. The whole system was placed on a filler assembly, attached to the mid-
plane of LTX, pumped down and inserted in the machine for Li deposition. Once there, Li was
heated to 300◦C and pushed out of the crucible with the plunger. In this way a pool of Li formed
on the bottom of LTX. At this point the filler was removed from the machine and replaced with a
molybdenum mirror [61].
The evaporations were later carried out using an e− beam to heat the lithium pool above
450◦C [60, 61]. During operation of the beam, the shells were heated to ∼ 300◦C to increase the
evaporation rate from the pool. The Mo mirror was used to ensure that the electron beam pointed
towards the Li pool and no the stainless steel shells.
3.1 MAPP installation and first data
LTX’s capabilities provide scenarios where lithium can interact with plasmas in solid and liquid
states, this gave MAPP a valuable opportunity. There, MAPP was able to achieve its primary goal
as PFC diagnostic, providing assistance to the LTX team and additionally, LTX was used as a test
scenario for MAPP.
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a ¼ 0:26m, and plasma elongation j ¼ 1:5. The toroidal
field on-axis B0 ¼ 0:17 T. Peak plasma currents have
reached Ip ¼ 75 kA. Durations of the current flattop have
exceeded 25ms with a reduced maximum current of
Ip ¼ 30 kA. Line-averaged central densities are up to
2" 1019 m#3. Central electron temperatures up to Te ¼
200 eV have been measured with an 11-chord, single
temporal-point Thomson scattering system along the hori-
zontal midplane. Inside of the vacuum vessel, there is an
inner limiting wall or shell, consisting of 1:5mm of stainless
steel explosively bonded to 1 cm of copper. This shell is split
into four independent and electrically isolated quadrants
with toroidal and poloidal breaks between each quadrant.
The plasma facing side is stainless steel and it is onto this
surface that lithium coatings are evaporated. The total sur-
face area of the shell is 4m2 and 85% of the plasma last
closed flux surface (LCFS) faces this wall. CAD renderings
of LTX and a photograph of the interior of shell can be found
elsewhere.11,12 The entire shell can be heated to 270 $C
steady-state or 350 $C transiently with a set of resistive heat-
ers that are mounted on the backside of each quadrant (lith-
ium melts at 180.5 $C). It is this heated shell that allows
LTX to operate with liquid lithium wall coatings. The bot-
tom of the shell forms a reservoir that can hold up to
300 cm3 of liquid lithium.
III. LITHIUM WALL COATINGS WITH
ELECTRON-BEAM-HEATED LITHIUM POOLS
Previous work on LTX with helium-dispersed lithium
wall coatings clearly demonstrated that solid, room-
temperature lithium coatings were effective at reducing
high-Z impurities in the plasma and reducing wall recy-
cling.11 However, liquefying the solid lithium on the LTX
shell surface was not successful in creating a liquid lithium
surface that would reduce recycling and sequester impurities.
Heating the shell above the melting point of lithium resulted
in degraded plasma performance where both the plasma
stored diamagnetic energy and peak plasma current were
reduced. At temperatures near or above the melting point of
lithium, previously absorbed impurities were released from
the lithium, the plasma discharges were dominated by impu-
rity influx, specifically oxygen, and there was increased wall
recycling. This was similar to what was observed on CDX-U,
when filling the tray limiter with lithium was first attempted
with solid rods.13 Surface coatings persisted when the tray
was heated to 250 $C, which is significantly above the melting
point of lithium. These results indicate the need to minimize
impurity content in liquid lithium PFCs.
Dramatic improvement in plasma performance was
achieved when liquid lithium walls were created in LTX
with rapid lithium evaporation using the e-beam system
described in this section. This is analogous to the conditions
under which significantly higher confinement times were
obtained in CDX-U.7 In CDX-U, liquid lithium was rapidly
directed into a tray limiter from heated external reservoirs
and an electron beam was used to evaporate the liquefied
lithium to produce lithium coatings up to 100 nm thick on
the inside of the vacuum vessel.14 A similar technique is
now used on LTX to rapidly evaporate clean lithium coatings
onto the plasma-facing side of the inner shell. First, pieces of
solid lithium were placed in a tungsten crucible that has a
9.5mm hole in the bottom. This crucible was surrounded by
a tantalum heater capable of heating the crucible to 600 $C.
A tungsten plunger was placed on top of the lithium pieces
to help push the liquefied lithium through the hole in the bot-
tom of the crucible. This lithium filler system was attached
to a midplane port on LTX, pumped down and then inserted
into the plasma confinement volume. The crucible was then
heated well above the melting point of lithium, typically to
300 $C, the lithium liquefied and the tungsten plunger pushed
the lithium out through the bottom of the crucible and onto a
lower shell quadrant, where it formed a small pool. The lith-
ium filler system was then retracted from the volume,
detached from LTX, and replaced with a retractable and ro-
tatable molybdenum mirror. A sketch of the lithium filler
system and the lithium pool is shown in Figure 1. The total
amount of lithium in the pool on the bottom South shell
quadrant of LTX was 30 cm3 for these experiments.
To produce significant evaporation of lithium from the
pool in a short time, the temperature of the lithium pool must
be raised from 400 $C to 500 $C. The lower shell quadrant
was heated to 300 $C. Next, the toroidal field coils and a sub-
set of the poloidal field coils were used to produce a modest
(%0.006 T) magnetic guide field to steer a 4 kV electron
beam from a gun located at the top of the LTX vacuum
FIG. 1. Sketch of an evaporator, one of
the lithium fillers, lithium pools, and
e-beam systems on LTX.
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Figure 3.2: LTX cross section with Li pool, Li fillers, e− beam and Li evaporator [61]
MAPP’s time in LTX was used in part to debug and perfect the drivers for each device and
technique, develop formal procedures to perform measurements according to PPPL regulations,
test remote control and communication with the devices in a more realistic scenario and test the
safety interlocks among others.
MAPP was installed in LTX during two campaigns i.e. 2012-2013 and 2013-2014. The diagnos-
tic was initially located on the north side of the machine (Figure 3.3), on one of the ports also used
to install one the Li evaporators mentioned above.
There MAPP was exposed to the initial conditioning of the vessel e.g. bake out of the shells and
ArGDC.
MAPP was later moved to the south side of LTX where it remain for its remaining time in
the machine (Figure 3.4). As mentioned in the description of LTX given before, two methods of
evaporation were used in LTX while MAPP was there, Li evaporators and evaporation via an
e− beam. In the second location MAPP’s sample holder, when introduced in the vessel, was in
direct line of sight with the spot where the electron beam was incident on the lithium pool. This
provided an additional advantage when comparing with the old location.
Figure 3.5 show the probe head in different moments during both campaigns. Figure 3.5a
and Figure 3.5b show the samples holder in 2012 in MAPP’s initial position in the north side. A
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gold coated Si substrate was used for energy calibration purposes during the first campaign.
Figure 3.5c and Figure 3.5d show a wide and a detailed view of the samples holder with MAPP
installed in the second position in the south side. Figure 3.5c allows to see the mirror inserted in
LTX when running the electron beam to check proper stirring of the Li pool.
Finally, Figure 3.5e and Figure 3.5f show the samples and the holder pre and post Li deposition.
In Figure 3.5e three clean stainless steel and one TZM samples can be seen, the image on the right
show the same set of samples with a passivate layer of Li coating everything.
One of the most noticeable experiments in which MAPP was involved when it was on LTX
was the study of the evolution of the chemistry of the walls during an Ar+ cleaning. Figure 3.6
shows the probe head during one of the argon glow discharges procedures.
Figure 3.7 shows some of the results collected during one of those studies in the 2012-2013
campaign. The set of data shown in those pictures constitutes the first data of its kind ever taken,
Figure 3.3: Three views of MAPP installed on LTX with probe head inserted during the 2012-2013 campaign
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Figure 3.4: MAPP on LTX during the 2013-2014 campaign
this is, the first data collected in-situ in a tokamak showing a relationship between PFCs composi-
tion and plasma performance.
Figure 3.7b shows the plasma electron density and the plasma current for four different dis-
charges. Figure 3.7a displays XPS wide scans of one of the samples prior to each plasma discharge.
The figures allow to appreciate how the plasma performance improves as the chemical compo-
sition of the PFC changes. The black traces are baseline data i.e. shots and XPS scan before any
cleaning. The plasma performance improves as the total time of argon glow increases. The length
of the discharge goes from 5 ms to almost 15 ms, the current increases from ∼1.0 to around 25 kA
and the electron density changes from 1.0x1018 m−3 to 4.0x1018 m−3, all after eight hours of Ar+
cleaning.
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(a) (b)
(c) (d)
(e) (f)
Figure 3.5: Probe Head in LTX. (a) Wide view; probe head inserted during 2012 campaign. (b) Probe head detail during
2012 campaign; three stainless steel samples and a gold sample for calibration. (c) Wide view of the probe head during
the 2013 campaign. (d) Detailed view of the sample holder in the same position as in (c), four stainless steel samples.
(e) Detailed view of the sample holder carrying 3 stainless steel samples and one TZM disc previous to Li deposition.
(f). Sample holder detail after Li evaporation in the 2013 campaign.
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Figure 3.6: Probe head during an Ar+ in the 2013-2014 campaign
The incremental nature of the process can be seen in both plots, as the continuous improvement of
the plasma performance shows a correlation with the cleaning time. The effect of the discharges
on the PFCs can bee appreciated in Figure 3.7a. Two peaks are observed in the first three traces
(0, 1 and 2 hr cleaning time), one at 287 eV and a second one at 531 eV. As mentioned before
those peaks related with O1s and C1s, which are commonly signs of superficial contamination.
However, a different spectrum can be seen in the red trace.
Eight hours of cleaning leave a clean stainless steel surface with characteristic Cr (729 and 577
eV) and Fe (710 and 553 eV) peaks [21, 59].
Data collected in additional Ar+ discharge cleaning routines performed in LTX can be found
in references [60, 62].
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(a) XPS spectra (b) IP and ne
Figure 3.7: Characterization of samples during Ar+ cleaning procedures, plasma current and electron density are also
shown. Labels indicate the total duration of the argon discharge cleaning
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Temperature dependence of hydrogen
retention of Li coatings deposited on
stainless steel
W
Ith the objective of addressing the questions listed in section 1.3 and following the
hypothesis exposed in the same section, a series of experiments were planned in
MAPP. In this case MAPP’s capabilities were exploited in a different manner. No
plasma exposures were carried out in LTX, instead MAPP was used as an irradiation/analysis
facility. Since the diagnostic is equipped with a functional irradiation tool plus a completely func-
tional XPS system, MAPP constitutes an ideal resource for in-situ surface analysis.
Multiple off-line experiments have shown a rapid formation of oxides in Li coatings even un-
der UHV conditions. Experiments and simulations have also shown that this passivation process
plays a key role in the reduction of recycling attributed to lithium coatings in tokamaks [20,63,64].
In particular, in LTX, residual gas analyzer data have shown a relatively high partial pressure of
water which may contribute to the passivation of the coatings. Finally, initial XPS data collected
by MAPP, e.g. data shown in section 2.3 also shown considerable presence of oxygen on the coat-
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ings some time after depositions [60, 62].
During all the experiments mentioned in the following subsections, the samples on the probe head
were coated using LTX as lithium evaporator, this provided a more realistic coating (in terms of
thickness and composition) than a regular deposition source or evaporator. In order to do this,
the samples were inserted flush with the walls of LTX while the procedure described in chapter 3
was carried out. The samples were then retracted for analysis to the MAPP chamber.
The data, shown in blue, are fitted with Gaussian peaks to compute their areas and find their
centers. All fittings were done in CASA XPS software [65]. Lines connecting the centers of the
peaks have been added in all the plots. Although peaks shifts in XPS spectra in general provides
valuable information, given the resolution of the analyzer at the time at which the data was taken
(∼2.0 eV), which is larger than the magnitude of the shifts, the discussion in this section will be
based on the area of the peaks, rather than their centers. As a consequence, the lines are just used
as a guide to the eye and to tag the peaks in each trace.
4.1 Passivation of Li coatings in LTX
The purpose of these experiments was to evaluate the rate at which the samples were passivating
and the time evolution of their composition, all when interacting with LTX’s vacuum. The gate
valve between MAPP and LTX was kept open the whole duration of the experiment. This guar-
anteed that the samples were exposed to the same conditions as the walls of the machine. Two
sets of passivation data were collected, i.e. with the samples at room temperature (∼20◦C, solid
Li) and with the samples heated above Li melting point (>180◦C, liquid Li).
4.1.1 Room temperature results
In one of the experiments, the samples on the probe head were at room temperature during the
whole duration of the experiment, including the deposition time. The room temperature or cold
passivation experiment lasted eight days. XPS scans were continuously taken during the first
eight hours, two sets of scans (morning and afternoon) were taken in the second and third days.
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S. Ox
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(1)(9)
(a) O1s region scan
(5)
(4)
(3)
(2)
(1)
(1)
(7)
(6)
(8)
(b) Li1s region scan
Figure 4.1: Passivation experiment at 20◦C XPS spectra. (1) 0.00 hr, (2) 0.80 hr, (3) 2.48 hr, (4) 5.67 hr, (5) 7.90, (6) 27.78
hr, (7) 35.42 hr, (8) 88.42 hr, (9) 127.62 hr
In the remaining days, only one set of scans was taken per day. A wide scan and three region
scans (Li1s, C1s and O1s) were taken each time and constitute a so called set.
Figure 4.1a shows selected oxygen 1s region scans collected during the 8 days of cold passiva-
tion measurements. The first trace in the bottom of the plot is a base line collected previous to Li
deposition.
Two peaks appear as soon as oxidation starts taking place. One peak located around 532 eV is
labeled as S. Ox. This peak is commonly assigned to additional oxygen containing reaction prod-
ucts e.g suboxydes, hydroxides and small amounts of carbon oxides [66–68]. The second peak, at
529 eV is assigned to lithium oxide (Li2O) [69]. The C1s region scans are not presented since no
relevant features were observed in those, in fact, it was not possible to distinguish between noise
and actual peaks in that particular region, implying a very low concentration of carbon on the
surface of the samples following Li deposition. That observation supports the assignation of the
532 eV peak to lithium oxides and hydroxides. This peak could also be associated with CO [20],
however the low presence of carbon evidenced in the C1s region scans allowed us to discard this
possibility.
In general as time evolves, the area of the oxygen peak (red envelope) increases, implying, as
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expected, an increasing concentration of lithium oxide on the surface of the coatings.
The Li region scans show a feature that was observed in all measurements. Immediately after
deposition, the intensity of the signal was relatively low and increased as time passed. This can
be see in Figure 4.1b where the peak is easier to appreciate in the top traces. An attempt to fit
more than one peak in the Li region was made (since metallic Li and oxidized lithium (Li2O) were
expected), however given the resolution and intensity of the data that was not possible. For this
reason, the peak in the Li region scans is labeled as Li + Li2O, stressing the fact that it is a two
components peak.
4.1.2 Results above Li melting temperature
S. Ox
(5)
(4)
(3)
(2)
(1)
(a) O1s region scan
(5)
(4)
(3)
(2)
(1)
(b) Li1s region scan
Figure 4.2: Passivation experiment at 200◦C XPS spectra. (1) 0.0 hr, (2) 0.93 hr, (3) 2.02 hr, (4) 4.08 hr, (5) 126.35 hr
In this experiment the samples were heated above Li melting point and kept there during the
duration of the depositions. The scans were taken during the following five days. Selected XPS
spectra is shown in Figure 4.2. The data were taken continuously during the first five hours after
Li deposition. The same data sets taken during the cold passivation experiments were collected
here (Li1s, C1s O1s regions and a wide scan). The samples then seated under LTX’s vacuum dur-
ing five days, time after which an additional data set was taken.
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Two peaks were also fitted in the hot passivation results in the oxygen 1s region scans, again a
S. Ox peak around 532 eV and a Li2O peak close to 530 eV were identified. In this case, in con-
trast with the cold case, the peak attributed to additional oxides and hydroxides seemed to be the
predominant. However, the general behavior of the peak is very similar to that described in sub-
section 4.1.1. The area of the peak increases as time after deposition lapses.
Again in this case as it can be seen in Figure 4.2b, and how it was mentioned in subsection 4.1.1
the intensity of the Li peak increased with time. Additionally, neither was possible in this case to
fit more than one peak in the Li1s region given the resolution and total counts, so in this case, the
peak in the Li region is labeled as Li + Li2O.
4.2 Hydrogen irradiation experiments
Since the gas used to create LTX’s plasmas is hydrogen, it was the intention of this study to eval-
uate the hydrogen pumping capabilities of the PFCs. In order to do that, and to compare how this
capabilities would behave under different temperature conditions, two additional sequences of
experiments were planned. Two step by step H+ irradiations were performed in MAPP using the
NTI 1404 gun installed on the chamber; setting the samples at the same temperatures used in the
passivation experiments (section 4.1).
4.2.1 Room temperature results
In this set, the samples were coated as described in subsection 4.1.1. The probe head was then re-
tracted to the analysis chamber and exposed to H+ irradiation with MAPP’s ion gun, a XPS data
set was collected following the irradiation. This irradiation-XPS sequence was repeated three
times. Equal fluence steps of 1.0 x 1019cm−2 and ion energy (900 eV) were used between XPS
scans. The results are shown in Figure 4.3. Although three regions were collected; Li, O and C, as
it also occurred in the passivation experiments, the intensity of the peak in the carbon region was
relatively small, indicating low carbon concentration, thus just two regions are shown.
Figure 4.3a shows a similar behavior as those seen in both passivation experiments (Figure 4.1a
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S. Ox
(1)
(3)
(2)
(1)
(4)
(a) O1s region scan
(4)
(3)
(2)
(1)
(b) Li1s region scan
Figure 4.3: H+ fluence dependence experiments at 20◦C XPS spectra. (1) Pre irradiation, (2). 1.0 x 1019cm−2, (3) 2.0 x
1019cm−2, (4) 3.0 x 1019cm−2
and Figure 4.2a). Two peaks associated with the same compounds as before are fitted, the S. Ox
peak seems more dominant as in the hot passivation case. The general trend observed in the plot
is the growth of the main peak (red fitting). Small differences if any are apparent between the
traces in Figure 4.3a and Figure 4.3b.
As it will be shown in one of the following sections, passivation rather than irradiation seems
to be the more influential phenomenon to determine the state of the PFCs in LTX. In consequence,
it is passivation rather that hydrogen retention the mechanism affecting plasma performance in
this machine. This conclusion is driven by the comparison between experiments ran under differ-
ent conditions e.g. different irradiation fluence, different temperature and experiments where Li
coatings just sat under the LTX vacuum for similar periods of time. No appreciable difference was
found between those, meaning that passivation of the coatings overshadows all the other effects
that temperature or irradiation could possibly induce.
In addition, it was found in this set of experiments and in the high temperature version of them,
that the total H+ fluence achieved was too low to induce changes in the chemistry of the samples.
The values of fluence used are justified in the maximum achievable flux of the ion gun (∼ 2.0 x1015
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s·cm−2) and the maximum time allowed in LTX to perform each step of irradiation.
4.2.2 Results above Li melting temperature
S. Ox
(1)
(1)
(3)
(2)
(4)
(a) O1s region scan
(1)
(4)
(3)
(2)
(b) Li1s region scan
Figure 4.4: H+ fluence dependence experiments at 200◦C XPS spectra. (1) Pre irradiation, (2). 1.0 x 1019cm−2, (3) 2.0 x
1019cm−2, (4) 3.0 x 1019cm−2
This set of samples was coated while kept at a temperature about Li melting point (>180◦)
with the same procedure as in subsection 4.2.1. The probe was then retracted to MAPP’s chamber
and irradiated in three steps with a fluence of 1.0 x 1019cm−2 of 900 eV hydrogen ions. XPS scans
were collected in between irradiations as in the other studies.
As in all the studies, two peaks are fitted in the O1s region (Figure 4.4a). Similar to that in
subsection 4.1.2 and subsection 4.2.1, the high energy peak in that region, associated with super
oxides and hydroxides as mentioned in subsection 4.1.1, is responsible for the majority of the area
of the total peak. Why this occurs in those experiments where energy has been supplied to the
system i.e. in the form of heat (hot passivation) or kinetic energy of the particles (both fluence
dependent studies), could be the matter of an additional study.
A similar behavior as that described in the other sections is also shown in the Li region (Fig-
ure 4.4b). As mentioned, it passivation is the predominates and dictates the chemical evolution of
the surfaces under all the studied conditions.
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4.3 Li coatings composition time evolution
Figure 4.5: LiO ratio based on atomic percentage calculations as a function of time for all the sets. The red line is not
product of a fitting and is placed on the plot as a guide to the eye
The data shown in Figure 4.5 was obtained with quantitative analysis of the XPS data. With
the atomic percentages of Li and O their ratio was computed. Then, those values were plotted
versus time.
The passivation of the coatings played and important role in the fluence dependent experi-
ments as is evident in Figure 4.5. As mentioned in the introductory paragraphs of this section,
any effect that can be associated with the increment in the fluence of the ions is overshadowed
by the effects of oxidation of the coatings. This can be justified in the fact that all the data points
seem to lye on a similar or equal trend, regardless of the H+ dose. The chemistry of the samples is
governed by the passivation process which is a function of time if other variables remain constant
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(partial pressure of gases in LTX for example which remained constant through the duration of
the experiments).
4.4 Discussion of results and summary of experience in LTX
As mentioned MAPP was installed in LTX during the second semester of 2013 and remained there
until early 2015. During this time, LTX’s PFCs underwent several modifications and treatments.
This section provides a summary of those modifications from MAPP’s perspective and mentions
their effect on plasma performance. The discussion in this section is based the results presented in
section 4.1, section 4.2, section 4.3 and Lucia’s extensive work with MAPP on LTX [71]. Support
data is also provided in references [61, 70]
Initially MAPP was used to study the effects of bake out conditioning in the plasma per-
formance in LTX. Prior to the start of the campaigns in which MAPP was installed in LTX, the
machine was exposed to air around three months. XPS baseline data collected on MAPP’s four
samples revealed the presence of a carbon and oxygen rich layer several nm thick. This layer is
commonly observed in surfaces that have been exposed to air for long periods of time. The com-
position of the samples under vacuum was monitored during several days with not important
changes found, proving that the exposition to high vacuum (pressure< 1x10−6 Torr) did not re-
move the impurity layers found on the samples.
Plasma breakdown was only possible after several hours of bake out. The set of discharges
obtained immediately after this procedure showed relatively low performance with maximum
plasma (IP) currents of 10 kA and maximum duration (tP) of 10 ms. Spectrometry measurements
also reveal a high presence of impurities mostly oxygen and carbon.
Surface analysis of bake out was combined with RGA data collected during conditioning.
MAPP was used to execute the same thermal treatment performed on LTX’s vacuum vessel on
four selected samples i.e. two stainless steel samples, one molybdenum sample and one gold
sample. The results revealed degassing of carbon and oxygen impurities through the formation
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of hydrocarbons and carbon oxides. During the bake out procedures, the RGA in LTX showed rel-
atively high partial pressures of H2O and CO2. MAPP’s analysis revealed that most of the water
desorption was due to chemical reactions between oxygen and metallic hydroxides on the walls.
In the same way, the presence of CO2 was attributed to the oxidation of the outer layer of impuri-
ties mentioned above.
Since the performance of the plasma was relatively low after bake out conditioning, the sur-
faces in LTX were treated with ArGDC. In this technique, Ar plasma is used to remove impurities
from the walls through physical sputtering. In order to achieve the discharge, an electrode is
inserted in one of the ports in the machine, the chamber then is filled with Ar+, the circuit is com-
pleted by grounding the shells and AC voltage is used to power the plasma. Several hours of
Ar+ cleaning were performed in LTX, totaling around 12 hr. Plasma performance increased with
increasing ArGDC time, IP reached 25 kA, the electron density reached almost 2 x1018 m−3 and
the pulse length increase almost to 20 ms, an example of this behavior can be seen in Figure 3.7.
The surface analysis was quite revealing in this case. Conventionally, it is thought that improve-
ments in plasma performance have to do with removal of possible impurities (carbon or oxygen)
through physical sputtering, there, the atoms on the first layers are removed by the incident flux
of particles and pump out of the chamber. According to the XPS data collected with MAPP in
LTX, the mechanism in the latter is different. MAPP revealed preferential sputtering of Cr and
Fe during ArGDC was occurring. This was observed when the amounts of those two elements
increased on the samples when the glow discharge time increased. As mentioned, plasma per-
formance improved with the cleaning discharges. The spectroscopy measurements indicated an
important reduction in the amounts of C and O in the plasma during discharges following Ar+
cleaning. The conclusion was that preferentially sputtered and re-deposited atoms of chromium
and iron behave as a protective coating during the hydrogen discharges, this taking into account
that hydrogen ions do not sputter Cr or Fe as efficiently as they do with carbon or oxygen. Thus,
carbon sequestration was the reason by which ArGDC improved plasma performance.
As mentioned in previous sections, additional conditioning in LTX is routinely done via de-
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position on thin Li coatings on the shells of the machine. Lithium is supposed to improve plasma
performance by reducing fuel recycling, this reduction has been associated with chemical reac-
tions between Li − C −O − D in graphitic substrates. However, the case of thin Li coatings on
stainless steel appeared to be different according to combined data collected with MAPP and
other diagnostics in LTX (fast ionization gauge and RGA). The formation of LiH was expected
after hydrogen discharges (or irradiations), as this reaction was thought as the main mechanism
for hydrogen retention, however, this compound was not observed with XPS nor with TDS. Al-
though the formation of LiH was not registered with the surface characterization techniques, re-
tention of fuel was registered with a fast ionization gauge and the gas balance method mentioned
in section 1.2. According to those data, and additional data collected with the RGA, the hydrogen
initially retained after the plasma discharge was later slowly degassed in the hours time scale. The
absence of LiH formation and the relatively slow desorption of hydrogen following a plasma shot
accompanied by the improvements in performance, yielded the conclusion that H is retained by
Li coatings on room temperature stainless steel via a short life meta stable state, instead of LiH.
Additionally, a reduction of impurities in the plasma were also observed, this result is associated
to a mechanism similar to that occurring during ArGDC. Li coatings grater than 100 nm prevent
physical sputtering of carbon acting as a protective layer, at the same time, oxygen emission is
reduced with the formation of LiO2 providing chemical sequestration.
A final set of measurements were collected varying the temperature of the shells LTX. The per-
formance of the plasma dropped down above a temperature threshold. The value of this threshold
was observed to vary depending on the day. Spectroscopic measurements evidenced a correlation
between plasma current and levels of carbon and oxygen impurities in the plasma.
Operation of LTX above Li melting temperature (180oC) was expected to improve plasma per-
formance by reducing recycling as more Li atoms would be available for LiH formation. However
surface analysis showed three results that oppose this hypothesis. First, XPS data showed how
lithium coatings rapidly oxidize to LiO2 in the minutes time scale. Lithium oxide has a consid-
erably higher melting point (∼ 1438oC), thus the increased availability of Li to form LiH would
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not be present. Additionally, as mentioned before, no formation of LiH was registered in Li coat-
ings on stainless steel, another argument against the liquid lithium increased retention. Finally,
according to the plasma performance results, the retention mechanism, based on the formation of
metastable bonds seem to be weakened by the temperature increments, implying that these bonds
are so weak that hydrogen could not be retained if additional thermal energy is supplied.
MAPP’s implementation in LTX provided a good opportunity for testing and proof of concept
of the diagnostic. Many improvements in MAPP were made thanks to the debugging and feed-
back done as product of the continuos operation of the facility in LTX. A detail description of PFC
conditioning processes in LTX, their mechanisms and their impact in plasma performance was
obtained when combining MAPP’s data with plasma and residual gas diagnostics.
During its time in LTX, MAPP probed its scientific value and capability as a crucial PFC diag-
nostic that can produce important contributions in NSTX-U.
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(a)
(b)
Figure 5.1: NSTX [72]
T
He National Spherical Tokamak Experiment (NSTX) (Figure 5.1) is a spherical tokamak
located in PPPL, built in a collaboration with Oak Ridge National Laboratory, Columbia
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University and the University of Washington at Seattle. The NSTX nominal parameters
Parameter NSTX value
Ro 85 cm
a 67 cm
R
a ≥ 1.26
Bt 3 kG
Ip 1 MA
q95 14
κ ≤2.2
δ ≤0.5
τ 5 s
Table 5.1: Nominal parameters values of NSTX. Ro is the major radius, a is the minor radius, Bt is the toroidal magnetic
field, Ip is the plasma current, q95 is the safety factor, κ is the plasma elongation, δ is the triangularity and τ is the pulse
length [73]
are listed in Table 5.1. Additionally, the tokamak is equipped with three heating/current drive
methods i.e. HHFW (6 MW, 5 s), NBI (5 MW, 80 keV, 5 s) and CHI [73]
NSTX’s mission is summarized with the following points [74]:
• Advance the spherical tokamak (ST) as a candidate for a Fusion Nuclear Science Facility
(FNSF) , i.e. a ST-FNSF
• Develop solutions for the plasma-material interface, including the snowflake divertor and
lithium / liquid metal plasma facing components (PFCs)
• Advance toroidal confinement physics predictive capability for ITER and beyond
• Develop the ST for fusion energy production, for example in an ST Pilot Plant
NSTX is dedicated to the study of the physics and engineering challenges of the ST configu-
ration, which in theory will allow the construction of modular power generation plants, reducing
the cost and complexity of those facilities. The machine began operations in 1999 and since it has
produced several contributions to the fusion community [75]. In particular, NSTX’s focus on liq-
uid PFCs has provided numerous results in the plasma materials interactions area [16–18, 76, 77].
In 2013 an upgrade effort for NSTX was started. The upgrade includes to main improvements
two NSTX [78] (Figure 5.2):
• A new center stack to allow plasma current and magnetic fields that double those in the
past. Additionally this upgrade will increase the pulse duration five times (Figure 5.2a).
• A second more tangentially neutral beam injector to increase the NBI efficiency (Figure 5.2b).
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Figure 11. Comparison of toroidal field (TF), ohmic heating (OH)
and plasma current waveforms for plasmas operated at the
maximum toroidal field capabilities of NSTX (0.55 T) and NSTX
Upgrade (1 T).
increment comes from the collisionality dependence of the
density peaking factor since the projected normalized NBI
particle source term !∗NBI 6 0.1. Figure 10(b) shows that
the most probable thermal pressure profile peaking factor in
NSTX is p(0)/⟨p⟩ ≈ 1.8. If this value increases by 0.3 to
2.1 in NSTX Upgrade, figure 10(c) shows that the projected
internal inductance from TRANSP simulations increases from
0.5 to 0.6–0.7 essentially independent of plasma scenario and
spanning a range of non-inductive current fractionfNI = 0.5–1
as shown in figure 10(d). Thus, if the pressure profile peaking
factor increases by more than 0.2–0.3 in NSTX Upgrade,
the vertical control improvements mentioned above may be
required to operate stably with κ > 2.7. It is also possible
that peaking of the pressure will not increase significantly
in NSTX Upgrade, as there is evidence that the temperature
profile can broaden with increased toroidal field [7]. Further,
the application of lithium surface coatings has also been shown
to lead to broadened electron temperature profiles and reduced
internal inductance [99].
2.2. Upgrade engineering design
To summarize the combination of requirements above, the
Upgraded NSTX device should: double BT at R = 0.93 m
from 0.5 to 1 T and increase the TF flat-top duration to 6–7 s,
double IP from 1 to 2 MA and provide a 5 s flat-top at full
current, double the neutral beam injection (NBI) heating power
from PNBI = 5 MW to 10 MW and sustain it for 5 s, and nearly
triple the OH flux from 0.75 Wb to 2 Wb. Representative
waveforms for the NSTX and NSTX Upgrade currents are
shown in figure 11 and illustrate the substantial increase in
device performance to be achieved with the Upgrade.
2.2.1. New CS. An important feature of the NSTX
device design is the ability to remove the CS independent
of the vacuum vessel and the external PF and TF magnets.
Thus, Upgrade performance requirements can potentially be
met by replacing the present CS with a new larger CS
thereby providing more cross-sectional area and conductor
to carry the TF current and also providing increased OH
flux. The increased size of the new CS is shown graphically
Figure 12. (a) Outlines and (b) cross-sections of the present and
new CS for comparing the TF conductor diameters and (c)
temperature distribution at end of TF flat-top for BT = 1 T operation
and no TF conductor cooling during the pulse.
in figure 12(a) by the red outline overdrawn on the present
CS. Figure 12(b) shows the doubling of the TF conductor
diameter which enables the doubling of TF current with 5
times longer pulses. The TF flat-top pulse length of 6.5 s at
full current is limited by the temperature rise within the coil,
and figure 12(c) shows the predicted temperature distribution
within the conductor at the end of TF flat-top operating at
the maximum toroidal field of 1 T [100]. Figure 12(c) shows
that the maximum temperature reaches 117 ◦C without water
cooling, and tends to peak near the region where the TF inner
conductor interfaces with the flag extension and also on the
inner diameter of the flexible joint arch. Both locations are
regions of maximum current density. With water cooling, the
maximum upper/lower temperatures of the inner TF conductor
reach 111/113 ◦C which is within the allowable limits for the
epoxy chosen to bond the insulation to the conductor [100].
The outer TF conductors are also water cooled, but only
reach approximately 50 ◦C for the same full-current pulse.
The flexible joints [101] connecting the inner and outer TF
conductors and enabling the vertical growth of the inner TF
bundle are cooled between shots by thermal conduction to the
inner and outer TF conductors.
12
(a) Representation of the new center stack
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Figure 19. NSTX NBI power per source, power per beamline and
nominal maximum pulse-length versus NBI acceleration voltage.
The installation of the 2nd NBI also requires substantial
floor space in the NSTX test cell, and a major task of the NSTX
upgrade outage involves removing and relocating several
diagnostics and associated racks to make room for the 2nd NBI.
As shown in figure 21, once the 2nd NBI is installed next to
the present NBI, most of the available floor space within the
test cell will be occupied by NSTX Upgrade and NBI systems.
It should also be noted that the 2nd NBI to be used on NSTX
Upgrade was used during the D–T experiments on TFTR and
was contaminated with tritium. The decontamination of this
beam line was successfully completed in 2010 in preparation
for usage on NSTX Upgrade, and reassembly of the 2nd NBI
was initiated in 2011.
2.3. Non-inductive current formation and sustainment
A critical element of ST research in support of steady-
state operation is to increase the 65–70% non-inductive
fraction sustained in NSTX [65, 66, 79] to full non-inductive
sustainment. Future ST-FNSF facilities are projected to rely
heavily on NBICD to drive as much as 50% of the plasma
current with the remainder provided by bootstrap current.
NBICD is also presently envisioned to provide the heating
and current drive for non-inductive plasma current ramp-up.
Reduced collisionality in NSTX Upgrade will help increase the
NBICD efficiency to increase the non-inductive fraction, but
additional current drive is still required. NSTX Upgrade will
rely heavily on the 2nd NBI system discussed in section 2.2.3
(also injecting in the co-plasma-current direction) to increase
the externally applied non-inductive current drive. An
Figure 20. (a) Injection geometry of present and new 2nd NBI, and
(b) modification of the present NBI port to a new NBI port cap to
enable the more tangential injection.
Figure 21. Drawing of top-down view of layout of NSTX test cell
after installation of new 2nd NBI.
overview of non-inductive sustainment calculations for NSTX
Upgrade is provided in section 2.3.1, and a comprehensive
analysis of NSTX Upgrade equilibrium scenarios using free-
boundary TRANSP calculations is provided in [55].
16
(b) Engineering drawings of NSTX with its two NBI systems
Figure 5.2: NSTX Upgrades [78]
Operations following the upgrade activities are planned to start in the fall of 2015. That will
be MAPP’s first campaign in NSTX.
5.1 MAPP commissioning
MAPP was designed to be installed in the lower section of NSTX, such that the sample holder
when inserted would be located in the lower divertor in the machine.
Figure 5.3 shows the location of the diagnostics in NSTX. As it can be seen MAPP is located
in bay K. This provides many advantages in terms of the experiments that can be design with the
diagnostic. MAPP is located right under one of the LiTERs, which guaranties a proper coverage
of Li during the depositions. This ensures that MAPP’s samples will provide a good resemblance
of most of the PFCs in the machine. Additionally, a fast visible camera is located in bay J. The
camera is used to get Dα radiation measurements along the radial direction (indicative of recy-
cling). Figure 5.4 shows the view from this camera. Although not all the sample are in the field of
view of the camera, two of them are completely visible, as well as 50% of the remaining two.
MAPP was installed in NSTX-U in the summer of 2015. The mechanical installation included
the vacuum chamber and the transfer system of the probe head (bellows) (Figure 5.5). Multiple
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Figure 5.4: CAD render of the probe head view from an upper location in Bay J (fast visible camera view)
procedures and diagrams were made in preparation for the commissioning. All the diagnostics
in NSTX-U must propose an installation and testing procedure. Those proposals are called XMPs.
Since at the time of MAPP’s commissioning in NSTX-U, XPS was the most developed technique,
the XMP included set up and testing of it. The procedure is provided as an appendix in this thesis.
5.2 Planned experiments
As seen in the beginning of chapter 5, the development of solutions for the plasma material in-
terface is one of the main goals of NSTX-U. As such, several experiments in the first campaign
following the upgrade will include diagnosis and monitoring of PFCs, with MAPP playing an
important role in those:
• Effects of B→ Li transition on the pedestal structure. Author: R. Maingi
This experiment is motivated by results obtained in NSTX in 2011 [16, 79]. Those results
show how the plasma performance improved when the amount of Li deposited on the
walls of the machine was gradually increased. The frequency of ELMs decreased with Li
presence causing extended ELM free periods. Additional improvements included incresing
discharges length and energy confinement time and a decrease in the density growth [79].
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Figure 5.5: Three views of MAPP installed on NSTX-U for the 2015-2016 campaing
Given those results, there is an interest in replicate and improve the surface conditioning
that lead to said performance. To replicate in a controlled manner those conditions will give
a great opportunity to understand and evaluate key mechanisms in the enhanced perfor-
mance associated with Li. Furthermore, having MAPP as a diagnostic in NSTX-U during
the depositions sequence, will give a chances to asses the evolution of the chemistry of the
surfaces, which can be then coupled with plasma conditions, providing an outstanding com-
plement and support to the set of results.
• Optimizing Boronization XP. Author: C. Skinner
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Boronization has been employed in NSTX as a successful surface conditioning technique.
Plasma performance improved when regular boronization routines were included in the
operation of NSTX. These improvements include a factor of 2 reduction in radiated power,
a factor of 3 reduction in Ze f f , 70% increase in pulse length, a 30% increment in energy con-
finement times and allowed access to higher density higher confinement plasmas [80, 81].
For those reasons, boronization has been included in the surface conditioning plan for the
2015-2016 campaign. Furthermore, an upgraded TMB injection system will be used for this
campaign.
The goal of the experiment is to obtain an optimal procedure for boronization based on
plasma performance and PFCs chemistry measurements. The objectives thus are [82]:
– Establish optimal operation the TMB system on NSTX-U for best plasma performance.
– Relate changes in plasma performance with surface composition
– Provide reference data for later lithiumizations, hoping to provide a link with Maingi’s
experiment.
MAPP will be the central diagnostic of surface composition, and as a consequence, crucial
to accomplish the second objective of the above list.
An additional experimental proposal includes long term monitoring e.g. whole campaign, of
the longevity of the Li coatings. The proposal for this experiment is based in fast visible camera
measurements (as mentioned in Figure 5.1) that will complement MAPP’s data. The goals of this
study are to provide support data for material migration studies and provide information to assist
the quantification of the life span of lithium coatings in tokamak machines.
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Conclusions and future work
T
He Materials Analysis Particle Probe is an in-situ characterization facility, design for on
line analysis of PFCs in magnetic confinement machines. MAPP was presented, to-
gether with its justification and objectives. MAPP is capable of analyze up to four
different samples with XPS, ISS, TDS and DRS. Heating of samples is also available. In addi-
tion MAPP is also equipped with Langmuir probes to measure densities and temperature in the
vicinity of the samples.
MAPP’s geometry, ports dimensions, angles and locations are guided by the space constrains
around tokamaks and experimental needs (devices alignment for a particular characterization
technique). MAPP’s operation has to be done in a completely remote manner, for this reason a
complete set of LabView® virtual instruments was implemented. The VIs control all the devices
in the machine and allow proper synchronization between them in order to run each on of the
techniques above listed.
The main functions of the VIs, and the instrumentation behind them was presented and de-
tailed explained. Operational procedures and manuals to provide the user with enough informa-
tion to operate MAPP are given in the appendix.
MAPP was installed in LTX during two campaigns between 2012 and 2014. An introductory
description of LTX was given, MAPP’s goals and objectives in LTX were explained, and more im-
portantly, the initial results and milestones from the use of the diagnostic in LTX were shown and
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explained.
An introductory study to hydrogen retention of Li coatings, and its dependence on temperature
was done using MAPP and LTX. The studies were motivated by results obtained in LTX showing
plasma performance decreasing when liquid lithium coatings were used. MAPP’s XPS analysis
capability was used in four sets of experiments. The oxidation process of Li coatings on stainless
steel samples (to mimic LTX’s walls) was studied via two passivation experiments, one at room
temperature and one at a temperature above the melting point of lithium. The experiments re-
vealed a rapid oxidation of the coatings in the first hours after deposition, however, the ration of
Li to oxygen reaches an stable point after a certain time and the composition displays an asymp-
totic behavior at 3 to 1 LiO ratio.
Two additional sets of experiments were performed to study H retention of the coatings. It
was observed however that Li passivation was the dominant phenomenon. Multiple irradiations
were performed looking to vary the concentration of hydrogen chemically bonded to the coatings.
In these sets, two sample temperatures were studied. No apparent evidence of hydrogen bonding
was found in the tests.
The composition of the samples during all the experiments was plotted as a function of time to
evaluate the effects of exposure to LTX’s vacuum. Additionally, this representation would allow
to identify potential differences between the samples passivated and high and low temperatures
and those samples that were exposed to H+ ions. However, as mentioned there was not apparent
difference between data sets. All the data points seem to fall under the same trend dictated by the
passivation process.
In additional studies also performed on MAPP and LTX but reported somewhere else, this ob-
servation are explained as rapid chemisorption and desorption of hydrogen on the surface of the
coatings. Other results report plasma performance improvements when the concentration of oxy-
gen in LTX is lower (absorbed by the coatings), confirming the dramatic impact and great impor-
tance of this mechanism in LTX, which could also occur in other machines with high Z materials
as PFCs.
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MAPP will be used in NSTX-U for the first time in the 2015-2016 campaign. A short description
of NSTX and NSTX-U was given. The goals and motivation of MAPP’s installation in this ma-
chine were given. Additionally, the current state of work towards full operation in NSTX-U was
given. Finally a summary of the commissioning and experimental plan for this first campaign was
provided with detail.
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1.0	   PURPOSE	  This	  procedure	  describes	  the	  operational	  steps	  required	  outgas	  and	  use	  the	  ion	  source	  in	  MAPP	  to	  clean	  and	  irradiate	  samples.	  	  
2.0	   SCOPE	  2.1 This	  procedure	  consists	  of	  the	  following:	  1.	   Degasing	  the	  filament	  in	  the	  ion	  gun.	  	  	  	  	  	  	  	  	  	  	  2.	  	  	  General	  operation	  of	  the	  ion	  gun.	  
ATTENTION	  
This procedure should be repeated after each MAPP venting procedure 
	  
3.0 	  	  	  PREREQUISITIES	  
	  
	  	  	  	  	  	  	  	  	  	  3.1	   Pre-­‐job	  briefing,	  including	  review	  of	  the	  job	  hazards	  analysis	  (JHA),	  has	  taken	  	  	  	  	  	  	  	  	  	  	  	  	  place	  among	  all	  procedure	  participants,	  and	  JHA	  control	  measures	  are	  in	  place.	  	   3.2	   Manually	  check:	  1. MAPP	   chamber	   has	   been	   baked	   out	   and	   pumped	   down	   at	   least	   at	  1x10-­‐7	  torr.	  2. MAPP	  chamber	  and	  electronics	  rack	  have	  been	  properly	  grounded.	  3. MAPP	  ion	  gun	  has	  been	  properly	  connected	  to	  its	  power	  supply.	  4. Gas	  connections	  between	  the	  gas	  manifold	  system,	  the	  Pfeiffer	  leak	  valve,	  rough	  pump	  and	  gas	  tank	  are	  done	  and	  pressure	  in	  the	  outlet	  of	  the	  tank	  reads	  at	  least	  10	  psi.	  5. Compressed	  air	   lines	  are	  connected	   to	   the	  pneumatic	  valves	   in	   the	  gas	  manifold	  system.	  6. Compressed	  air	   lines	  are	  connected	   to	   the	  pneumatic	  valves	   in	   the	  gas	  manifold	  system.	  7. Small	  rough	  pump	  is	  connected	  to	  the	  gas	  manifold	  system.	  
4.0 PROCEDURE	  
4.1 ION	  GUN	  FILAMENT	  DEGASSING	  AND	  GENERAL	  START	  UP	  PROCEDURE	  1. The	  ion	  gun	  may	  be	  baked	  with	  heater	  tapes	  or	  other	  heat	  source	  to	  50C	  with	   the	  cable	  attached	  or	  150C	  with	   the	  cable	   removed.	  Heat	   the	   ion	  gun	  to	  the	  desired	  bakeout	  temperature	  and	  allow	  the	  chamber	  to	  reach	  1	  x	  10-­‐7	  Torr	  or	  better.	  	  2. Open	  the	  “Ion	  gun”	  VI.	  3. Turn	  the	  filament	  on	  in	  standby	  and	  allow	  outgassing	  overnight.	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 4. Turn	   the	   ionization	   current	   on	   and	   gradually	   increase	   to	   10	   mA	  emission	   keeping	   the	   chamber	   pressure	   better	   than	   5	   x	   10-­‐7	   Torr.	   If	  arcing	  is	  observed	  (big	  oscillations	  in	  the	  value	  of	  the	  current)	  decrease	  the	   current	   set	   point,	   allow	   the	   measured	   value	   to	   stabilize	   and	  continue.	  	  
NOTE:	  	  STEP	  4	  MAY	  TAKE	  SEVERAL	  HOURS	  TO	  COMPLETE	  5. Gradually	   increase	   the	   beam	   energy	   to	   1	   kV.	   If	   arcing	   is	   observed	  temporarily	  reduce	  the	  beam	  energy	  until	  arcing	  disappears.	  Allow	  the	  system	   to	   stabilize	   for	   approximately	   15	   minutes	   and	   continue	   the	  procedure.	  6. Set	  the	  emission	  current	  to	  1	  mA.	  7. Open	  the	  “Leak	  Valve	  Driver”	  VI.	  8. Open	  the	  “Pressure	  Gauge	  Driver”	  VI.	  9. Open	  the	  “Valves	  Driver”	  VI.	  10. In	  the	  “Valves	  Driver”	  VI	  open	  Valve	  2	  keeping	  Valve	  1	  closed,	  this	  will	  purge	  the	  line	  between	  the	  gas	  tanks	  and	  the	  leak	  valve	  attached	  to	  the	  ion	  gun.	  11. In	  the	  “Valves	  Driver”	  VI,	  close	  Valve	  2	  and	  open	  Valve	  1,	  this	  will	  allow	  gas	  flow	  in	  the	  gas	  manifold	  system.	  12. Repeat	  steps	  10	  and	  11	  at	  least	  three	  times	  if	  this	  is	  the	  first	  time	  that	  the	  ion	  gun	  will	  be	  used	  after	  venting	  of	  MAPP	  or	  if	  the	  gun	  has	  not	  been	  used	  in	  a	  period	  longer	  than	  12	  hr.	  13. In	   the	   “Valves	   Driver”	   close	   Valve	   2	   and	   open	   Valve	   1.	   This	   fills	   with	  mostly	  Ar	  (or	  the	  desired	  gas)	  and	  the	  leak	  valve	  can	  be	  used	  to	  manage	  the	  gas	  flow	  towards	  the	  gun.	  	  14. In	  the	  “Leak	  Valve	  Drive”	  VI,	  select	  Control.	  15. Carefully	  start	  opening	  the	  valve	  by	  increasing	  the	  flow	  value	  until	  the	  	  	  	  pressure	  in	  the	  chamber	  (shown	  in	  the	  “Pressure	  Gauge	  VI”)	  reaches	  1	  x	  10-­‐5	  Torr.	  16. Carefully increase the emission current to 10 mA.	  17. The	  gun	  is	  now	  ready	  to	  use.	  	  	  
NOTE:	  WHERE	  DIFFICULTY	  IS	  EXPERIENCED	  IN	  HIGH	  VOLTAGE	  CONDITIONING	  OF	   THE	   ION	   GUN	   IT	   IS	   OFTEN	   ADVANTAGEOUS	   TO	   RUN	   THE	   SYSTEM	   IN	  STANDBY	  MODE	  FOR	  SEVERAL	  HOURS	  WITH	  THE	  GAS	  FEED	  TURNED	  ON.	  	  
4.2 ION	  GUN	  SAFE	  SHUT	  OFF	  PROCEDURE	  1. In	  the	  “Ion	  gun”	  VI,	  decrease	  the	  emission	  current	  to	  1	  mA.	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 2. Decrease	   the	   gas	   flow	   value	   in	   the	   “Leak	   Valve	   Driver”	   VI	   to	   the	  minimum	  value	  or	  select	  the	  option	  “Close”.	  3. In	  the	  “Ion	  gun”	  VI,	  decrease	  the	  beam	  energy	  to	  the	  minimum	  value.	  4. Set	  the	  ion	  gun	  in	  “Stand	  by”	  5. If	   you	   need	   to	   use	   the	   gun	   later	   the	   “Ion	   gun”	   VI	   can	   be	   left	   running.	  Otherwise	  stop	  and	  close	  the	  VI.	  
4.3 ION	  GUN	  GENERAL	  OPERATION	  1. For	   general	   operation	   of	   the	   gun,	   provided	   4.1	   and	   4.2	   are	   executed	  once.	  The	  beam	  energy	  and	  gas	  flow	  can	  be	  adjusted	  depending	  on	  the	  type	  of	   experiment.	  Both	  will	   have	   an	   effect	   in	   the	   etching	   rate	   of	   the	  beam.	  In	  general	  a	  bigger	  gas	  flow	  value	  will	  increase	  the	  ion	  flux.	  Start	  up	  of	  the	  source	  can	  be	  done	  by	  following	  steps	  5	  to	  12	  in	  4.1.	  	  
	  
Comments:	  
_______________________________________________________________________________________________________	  
_______________________________________________________________________________________________________	  
_______________________________________________________________________________________________________	  
_______________________________________________________________________________________________________	  
_______________________________________________________________________________________________________	  
_______________________________________________________________________________________________________	  
_______________________________________________________________________________________________________	  
_______________________________________________________________________________________________________	  
_______________________________________________________________________________________________________	  
_______________________________________________________________________________________________________	  
_______________________________________________________________________________________________________	  
_______________________________________________________________________________________________________	  
_______________________________________________________________________________________________________	  
_______________________________________________________________________________________________________	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 3 
	  
1.0	   PURPOSE	  This	  procedure	  describes	  the	  operational	  steps	  required	  to	  safely	  pump	  down	  MAPP	  (including	  the	  analysis	  chamber	  and	  the	  probe	  head	  bellows)	  to	  UHV	  conditions.	  
2.0	   SCOPE	  2.1 This	  procedure	  consists	  of	  the	  following:	  1. Pumping	  configuration	  during	  bake	  out	  2. Pumping	  configuration	  during	  general	  operation	  of	  the	  diagnostic	  3. Pumping	  configuration	  during	  Thermal	  Desorption	  Spectroscopy	  (TDS)	  experiments.	  4. Venting	  procedure.	  5. Pump	  down	  after	  samples	  replacement	  and	  venting.	  
	  
3.0 	  	  	  PREREQUISITIES	  
	  
REFER	  TO	  PAGE	  9	  IN	  THIS	  PROCEDURE	  FOR	  A	  SCHEMATIC	  OF	  THE	  SYSTEM.	  
	   3.1 Pre-­‐job	  briefing,	  including	  review	  of	  the	  job	  hazards	  analysis	  (JHA),	  has	  taken	  	  	  	  	  	  	  	  	  	  	  	  	  place	  among	  all	  procedure	  participants,	  and	  JHA	  control	  measures	  are	  in	  place.	  	  3.2 The	  following	  conditions	  need	  to	  be	  satisfied	  for	  the	  bake	  out:	  1. The	  gate	  valve	  between	  NSTX-­‐U	  and	  MAPP	  is	  closed.	  2. The	  gate	  valve	  between	  MAPP	  and	  the	  small	  turbo	  pump	  is	  closed.	  3. MAPP	  has	  a	  full	  range	  pressure	  gauge	  installed.	  4. A	  pump	  cart	   is	  available	  and	  properly	  connected	   to	  MAPP	  with	  an	  elbow	  valve.	  5. All	  the	  flanges	  are	  properly	  tight.	  6. Heating	  tape	  is	  available.	  7. At	  least	  two	  thermocouples	  are	  available.	  8. At	  leas	  two	  temperature	  controllers	  are	  available.	  9. Aluminum	  foil	  is	  available.	  	  3.3 The	   following	   conditions	   are	   needed	   for	   general	   operation	   with	   the	   ion	  
pump:	  1. Bake	  out	  has	  been	  carried	  out.	  2. The	  ion	  pump	  VI	  has	  been	  checked	  and	  proper	  communication	  between	  the	  electronics	  rack	  (in	  particular	  ion	  pump	  controller)	  and	  MAPP’s	  PC	  has	  been	  established.	  	  3.4 The	  following	  is	  needed	  to	  set	  up	  the	  TDS	  configuration:	  1. Bake	  out	   and	   general	   operation	  with	   the	   ion	  pump	  have	  been	   carried	  out.	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 4 
2. The	   small	   turbo	   pump	   is	   installed	   and	   there	   is	   a	   gate	   valve	   in	   the	  interface	  between	  the	  turbo	  and	  MAPP’s	  vessel.	  3. The	  scroll	  rough	  pump	  is	  installed.	  	   3.5 The	  following	  is	  needed	  for	  venting	  to	  Ar:	  1. Bake	  out	  has	  been	  carried	  out.	  2. The	  gate	  valve	  between	  NSTX-­‐U	  and	  MAPP	  is	  closed.	  3. An	   argon	   bottle	   is	   available	   and	   properly	   connected	   to	   the	   needle-­‐venting	  valve	  in	  the	  chamber.	  	  3.6 The	  following	  is	  needed	  for	  pumping	  down	  after	  samples	  replacement:	  1. Bake	  out	  has	  been	  carried	  out	  at	  least	  once.	  2. The	  chamber	  was	  vent	  to	  Ar	  and	  was	  not	  exposed	  to	  atmospheric	  air.	  3. All	  the	  flanges	  are	  properly	  tight.	  4. The	  gate	  valve	  between	  NSTX-­‐U	  and	  MAPP	  is	  closed.	  
4.0 PROCEDURE	  
4.1 VESSEL	  AND	  BELLOWS	  BAKE	  OUT	  (PUMP	  VIA	  PUMPING	  CART)	  This	  section	  of	  the	  procedure	  assumes	  that	  the	  chamber	  and	  bellows	  are	  at	  atmospheric	  pressure	  (760	  Torr).	  	  1. Turn	  on	  the	  pressure	  gauge.	  2. Remove	  the	  covers,	  water	  houses	  and	  electrical	  connections	  from	  the	  x	  ray	   source.	   Remove	   all	   the	   connections	   from	   the	   equipment	   on	   the	  chamber.	   At	   this	   point,	   only	   the	   pressure	   gauge	   should	   have	   cables	  attached.	  	  3. Turn	  on	  the	  rough	  pump	  in	  the	  pump	  cart	  (the	  procedure	  to	  do	  this	  may	  be	   different	   depending	   in	   the	   available	   cart,	   check	   the	   instructions	   of	  the	  pumping	   cart	  or	   check	  with	  qualified	  personnel	  before	   turn	   it	   on)	  making	  sure	  that	  the	  valve	  between	  MAPP	  and	  the	  cart	  is	  closed.	  4. Open	  the	  valve	  between	  the	  cart	  and	  MAPP’s	  vessel.	  This	  process	  has	  to	  be	   carried	  out	   slowly	  when	   the	  pressure	   is	   above	  1.0	  Torr	   to	  prevent	  damage	   in	   the	   Al	   foil	   installed	   on	   the	   X-­‐ray	   source.	   Do	   not	   exceed	   a	  pressure	  drop	  rate	  of	  3.0	  Torr/s.	  	  5. Allow	  enough	   time	   for	   the	  pressure	   to	   stabilize.	   If	   the	  pressure	  drops	  close	  to	  15	  mTorr	  continue	  with	  the	  procedure	  (step	  five),	  otherwise:	  
• Close	  the	  valve	  between	  the	  vessel	  and	  the	  cart.	  
• Monitor	  the	  rate	  of	  rise	  of	  the	  pressure;	  if	  the	  pressure	  raises	  at	   a	   rate	   faster	   that	   5	   mTor/min	   the	   chamber	   may	   have	   a	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 5 
leak.	  Make	  sure	  that	  all	  the	  flanges	  are	  tight;	  at	  this	  pressure	  range	  acetone	  is	  a	  good	  resource	  to	  find	  any	  possible	  leaks.	  6. When	  the	  pressure	  in	  the	  vessel	  drops	  to	  at	  least	  15	  mTorr	  turn	  on	  the	  turbo	  pump	  in	  the	  pumping	  cart	  and	  allow	  enough	  time	  for	  the	  pressure	  to	  stabilize	  7. Wrap	  one	  of	  the	  heating	  tapes	  around	  the	  bellows,	  making	  sure	  that	  all	  the	   components	   are	   covered	   (including	   the	   cross	   at	   the	  bottom	  of	   the	  bellows	  and	  the	  feedthroughs	  attached	  to	  it).	  Make	  sure	  that	  the	  strap	  is	  uniformly	   distributed	   along	   the	   bellows	   and	   that	   there	   is	   not	  overlapping	  of	  heating	  strap	  segments.	  	  8. Wrap	  one	  heating	  strap	  around	  the	  chamber.	  Try	  to	  wrap	  as	  many	  ports	  and	   flanges	   as	   possible.	   Critical	   flanges	   include	   the	   analyzer	   port	   and	  the	  X	  ray	  source	  ports	  as	  well	  as	  port	  with	  considerable	  mass	  e.g.	  6	   in	  CF	  view	  port.	  9. If	   more	   heating	   stripes	   are	   available	   wrap	   them	   around	   either	   the	  chamber	   or	   the	   bellows.	   The	   goal	   is	   to	   achieve	   a	   temperature	  distribution	  as	  uniform	  as	  possible,	   try	  to	  arrange	  the	  straps	  with	  that	  in	  mind.	  	  10. A	   minimum	   of	   two	   thermocouples	   has	   to	   be	   used	   in	   this	   procedure.	  Place	  one	  close	  to	  the	  middle	  point	  of	  the	  bellows;	  place	  the	  end	  of	  the	  thermocouple	   close	   to	   the	   strap	   (this	  will	  help	   to	  hold	   it	   in	  place)	  but	  not	   under	   it	   (that	   may	   lead	   to	   a	   lower	   than	   needed	   bake	   out	  temperature).	  It	  is	  also	  important	  not	  to	  place	  the	  thermocouple	  tip	  too	  far	  away	  from	  the	  strap	  (that	  may	  lead	  to	  a	  bake	  out	  temperature	  higher	  than	  needed	  which	  could	  damage	  the	  bellows).	  11. Cover	  both	  the	  chamber	  and	  bellows	  with	  aluminum	  foil.	  Do	  not	   leave	  uncovered	  spaces	  or	  gaps.	  12. Connect	   the	   heating	   straps	   and	   thermocouples	   to	   the	   temperature	  controllers	  (minimum	  two	  are	  needed,	  one	  for	  the	  chamber	  an	  one	  for	  the	  bellows)	  	  13. Set	  the	  temperature	  in	  the	  controllers	  to	  120°C	  for	  the	  vessel	  strap	  and	  105°C	  for	  the	  strap	  around	  the	  bellows.	  	  14. At	  this	  point	  the	  heaters	  in	  the	  probe	  head	  can	  be	  ramped	  up	  to	  ~500°C.	  They	  can	  remain	  there	   for	  about	  20	  min	  to	  remove	  all	  water	   from	  the	  samples	  holder.	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 6 
15. Connect	  the	  heating	  plates	  of	  the	  ion	  pump	  to	  an	  AC	  regular	  outlet.	  The	  ion	   pump	   baking	   temperature	   is	   self	   controlled	   and	   the	   heaters	   just	  need	  power	  to	  properly	  bake	  out	  the	  pump.	  16. Let	   the	   system	   baking	   over	   night,	   recording	   the	   pressure	   at	   the	  beginning	  of	  the	  procedure.	  	  17. The	  pressure	  of	  the	  system	  will	  increase	  considerably	  depending	  on	  the	  amount	  of	  water	  on	  the	  bellows	  and	  vessel.	  The	  pressure	  will	  peak	  and	  start	   decreasing	   again	   once	  most	   of	   the	  water	   has	   been	   pumped	   out.	  Closely	   monitor	   the	   pressure	   during	   the	   whole	   period	   in	   which	   the	  temperature	   is	  above	  100°C.	   If	   the	  working	  pressure	   is	  dropping	  after	  the	  peak	  and	   its	  value	   is	  below	  1x10-­‐5	  Torr,	  use	   the	  RGA	   to	   check	   the	  species	  in	  the	  chamber.	  The	  atmosphere	  in	  the	  chamber	  must	  be	  mostly,	  water	   and	   Ar	   (if	   an	   Ar	   vent	   was	   carried	   out	   before	   baking).	   The	  presence	  of	  oxygen	  and	  nitrogen	  generally	  indicates	  a	  leak.	  18. If	  the	  bake	  out	  process	  of	  the	  chamber	  takes	  more	  than	  12	  hours	  unplug	  the	  ion	  pump	  heaters,	  and	  allow	  the	  pump	  to	  cool	  down.	  If	  the	  process	  in	   the	   chamber	   is	   not	   completely	   after	   the	   ion	   pump	   reaches	   room	  temperature	  (28°C	  –	  35°C)	  plug	  the	  heaters	  in	  the	  ion	  pump	  again,	  this	  will	  keep	  the	  internal	  components	  of	  the	  pump	  free	  of	  water	  molecules.	  	  19. If	   the	   pressure	   keeps	   decreasing	   steadily,	   turn	   off	   the	   heating	   stripes,	  allow	   hot	   surfaces	   to	   cool	   down	   and	   remove	   the	   aluminum	   foil,	  thermocouples	   wiring	   and	   heating	   straps	   from	   the	   chamber	   and	  bellows.	  At	  this	  point	  the	  bake	  out	  has	  been	  completed.	  
4.2 GENERAL	  OPERATION	  WITH	  ION	  PUMP	  This	  section	  of	  the	  procedure	  assumes	  that	  the	  vessel	  and	  bellows	  have	  been	  properly	  baked	  out	   (numeral	  4.1	   in	   this	  procedure	  has	  been	  performed)	  and	   that	  a	  pump	  cart	   is	  currently	  pumping	  the	  chamber	  1. Check	  that	  the	  pressure	  in	  MAPP	  is	  below	  1x10-­‐5	  Torr,	  turning	  on	  the	  ion	   pump	   at	   higher	   pressure	   could	   produce	   damage	   the	   emission	  filament.	  	  2. Turn	  on	  the	  ion	  pump	  using	  the	  “Ion	  Pump”	  VI	  in	  MAPP’s	  PC.	  3. The	   pressure	   may	   suddenly	   increase	   and	   the	   pump	   could	   turn	   off	  because	   of	   the	   pressure	   safety	   interlock	   (the	   interlock	   turns	   off	   the	  pump	   if	   the	   pressure	   is	   above	   5x10-­‐5	   Torr),	   if	   this	   occurs	   allow	   the	  pressure	  to	  decrease	  again	  and	  turn	  on	  the	   ion	  pump.	  This	  step	  may	  take	  between	  several	  minutes	  and	  one	  hour,	  depending	  on	  the	  water	  content	  of	  the	  ion	  pump’s	  filament.	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 7 
4. Wait	   until	   the	   pressure	   is	   below	   5x10-­‐5	   Torr	   and	   the	   ion	   pump	   is	  operating	  in	  steady	  state.	  5. When	  the	  pressure	  in	  the	  chamber	  drops	  under	  1x10-­‐6	  Torr	  close	  the	  valve	  between	  the	  vacuum	  vessel	  and	  the	  pump	  cart.	  At	  this	  point	  the	  ion	   pump	   can	   take	   over	   and	   MAPP	   can	   safely	   operate	   in	   this	  configuration	   for	   all	   purposes	   (the	   gate	   valve	   between	   MAPP	   and	  NSTX-­‐U	  can	  be	  opened	  as	  well)	  with	  exception	  of	  TDS.	  	  
4.3 TDS	  PUMPING	  CONFIGURATION	  This	  section	  of	  the	  procedure	  assumes	  that	  the	  vessel	  and	  bellows	  have	  been	  properly	  baked	  out	   and	   the	   chamber	   is	   being	   pumped	   with	   the	   ion	   pump	   (numeral	   4.1	   and	   4.2	   in	   this	  procedure	  has	  been	  performed)	  	  1. Check	  that	  the	  gate	  valve	  between	  MAPP	  and	  NSTX-­‐U	  is	  closed.	  2. Check	   that	   the	  gate	  valve	  between	  MAPP	  and	  the	  small	   turbo	  pump	   is	  closed.	  3. Turn	  on	   the	   rough	  pump	  with	   its	   elbow	  valve	   closed.	  Allow	  5	  min	   for	  the	  pressure	  in	  the	  KF	  bellow	  to	  drop.	  4. Open	  the	  elbow	  valve;	  allow	  10	  to	  15	  min	  for	  the	  pressure	  to	  decrease	  in	  the	  volume	  between	  the	  gate	  valve	  and	  the	  inlet	  of	  the	  rough	  pump.	  5. Turn	  on	  the	  turbo	  pump;	  allow	  15-­‐20	  min	  for	  the	  pressure	  between	  the	  inlet	  of	  the	  pump	  and	  the	  gate	  valve	  to	  decrease.	  	  6. Slowly	   open	   the	   gate	   valve	   between	   MAPP	   and	   the	   turbo	   pump.	   Pay	  close	  attention	  to	  the	  value	  of	  pressure,	  avoid	  any	  sudden	  increments	  in	  pressure;	   try	   to	   keep	   the	   pressure	   as	   close	   to	   the	   initial	   working	  pressure	  (pressure	  before	  start	  opening	  the	  valve)	  as	  possible.	  	  7. Once	   the	   gate	   valve	   is	   completely	   open	   and	   the	   pressure	   has	   reached	  steady	  state	  turn	  off	  the	  ion	  pump.	  8. The	  heaters	   in	   the	  probe	  head	  can	  be	   turned	  on	  as	  well	  as	   the	  RGA;	  a	  TDS	  scan	  can	  be	  performed	  now.	  	  
4.4 VENTING	  PROCEDURE	  1. If	  MAPP	   is	  being	  pumped	  by	   the	   small	   turbo	  go	   to	   item	  a),	   if	  MAPP	   is	  being	  pumped	  by	  the	  ion	  pump	  go	  to	  item	  b),	  if	  MAPP	  is	  MAPP	  is	  being	  pumped	  by	  a	  pumping	  cart	  go	  to	  item	  c):	  a) Close	  the	  gate	  valve	  between	  MAPP	  and	  the	  small	  turbo.	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At	  this	  point	  you	  can	  turn	  off	  the	  small	  turbo	  pump	  and	  the	  scroll	  pump	  if	  
you	  wish,	  to	  do	  so:	  i.Turn	  off	   the	   turbo	  pump	  by	  pushing	   the	  yellow	  button	   in	   its	   controller.	  Allow	   between	   10	   and	   15	   minutes	   for	   the	   turbo	   to	   spin	   down	   and	  continue.	  ii.Close	  the	  elbow	  valve	  between	  the	  turbo	  and	  the	  rough	  pump.	  iii.Turn	  off	  the	  rough	  pump.	  b) Turn	  off	  the	  ion	  pump	  using	  the	  “Ion	  Pump”	  VI.	  c) Close	  the	  elbow	  valve	  between	  MAPP	  and	  the	  pumping	  cart.	  2. Open	  the	  regulator	  attached	  to	  the	  argon	  bottle	  and	  set	  the	  pressure	  to	  7	  psi.	  3. Slowly	  open	   the	  needle	  valve	  between	   the	  chamber	  and	   the	  regulator.	  Let	   the	   gas	   to	   enter	   the	   chamber	   in	   small	   increments	   by	   opening	   and	  closing	   the	   valve	   short	   periods	   of	   time	   and	   allowing	   the	   pressure	   to	  stabilize.	  4. Once	   the	  pressure	  gauge	  reads	  7	   to	  10	   torr	   the	  chamber	   is	  vented.	  Be	  careful	  not	  to	  excide	  that	  range	  of	  pressure.	  
4.5 PUMPING	  DOWN	  AFTER	  SAMPLES	  REPLACEMENT	  1. Open	  the	  gate	  valve	  between	  MAPP	  and	  the	  small	  turbo.	  2. Turn	  of	  the	  rough	  pump,	  wait	  two	  minutes	  and	  slowly	  open	  the	  elbow	  valve	  between	  the	  rough	  and	  the	  turbo.	  Do	  not	  exceed	  a	  pressure	  drop	  rate	  of	  3.0	  Torr/s.	  	  3. Wait	   until	   the	   pressure	   gauge	   reads	   a	   pressure	   under	   15	  mTorr,	   this	  process	  my	  take	  several	  minutes.	  4. Turn	  on	  the	  small	  turbo	  by	  pressing	  the	  yellow	  button	  on	  its	  controller.	  5. Wait	  until	  the	  pressure	  is	  under	  5x10-­‐5	  Torr.	  6. Turn	  on	  the	  ion	  pump.	  The	  pressure	  may	  increase	  due	  to	  the	  degassing	  process	  of	  the	  filament	  in	  the	  pump.	  This	  will	  turn	  off	  the	  ion	  pump.	  If	  this	  occurs,	  wait	  until	  the	  pressure	  drops	  below	  5x10-­‐5	  Torr	  and	  turn	  on	  the	  ion	  pump	  again.	  This	  process	  may	  take	  several	  minutes.	  	  7. Once	   the	   pressure	   is	   stable,	   close	   the	   gate	   valve	   between	   the	   turbo	  pump	  and	  MAPP.	  At	  this	  point	  the	  ion	  pump	  is	  pumping	  MAPP	  by	  itself	  and	  you	  can	  turn	  off	  the	  turbo	  pump:	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i.Turn	  off	   the	   turbo	  pump	  by	  pushing	   the	  yellow	  button	   in	   its	   controller.	  Allow	   between	   10	   and	   15	   minutes	   for	   the	   turbo	   to	   spin	   down	   and	  continue.	  ii.Close	  the	  elbow	  valve	  between	  the	  turbo	  and	  the	  rough	  pump.	  iii.Turn	  off	  the	  rough	  pump.	  
SCHEMATIC	  REPRESENTATION	  OF	  THE	  SYSTEM	  
	  
Comments:	  
_______________________________________________________________________________________________________	  
_______________________________________________________________________________________________________	  
_______________________________________________________________________________________________________	  
_______________________________________________________________________________________________________	  
_______________________________________________________________________________________________________	  
_______________________________________________________________________________________________________	  
_______________________________________________________________________________________________________	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Signatures	  Page	  
	  
MAPP pump down procedure completed by: 
_______ ________________________                                                 __________ 
(Initials)            (Print Name)                                                                      (Date) 
_______ ________________________                                                 __________ 
(Initials)            (Print Name)                                                                      (Date) 
_______ ________________________                                                 __________ 
(Initials)            (Print Name)                                                                      (Date) 
_______ ________________________                                                 __________ 
(Initials)            (Print Name)                                                                      (Date) 
_______ ________________________                                                 __________ 
(Initials)            (Print Name)                                                                      (Date) 
_______ ________________________                                                 __________ 
(Initials)            (Print Name)                                                                      (Date) 
_______ ________________________                                                 __________ 
(Initials)            (Print Name)                                                                      (Date) 
_______ ________________________                                                 __________ 
(Initials)            (Print Name)                                                                      (Date) 
_______ ________________________                                                 __________ 
(Initials)            (Print Name)                                                                      (Date) 
_______ ________________________                                                 __________ 
(Initials)            (Print Name)                                                                      (Date) 
_______ ________________________                                                 __________ 
(Initials)            (Print Name)                                                                      (Date) 
_______ ________________________                                                 __________ 
(Initials)            (Print Name)                                                                      (Date) 
_______ ________________________                                                 __________ 
(Initials)            (Print Name)                                                                      (Date) 
_______ ________________________                                                 __________ 
(Initials)            (Print Name)                                                                      (Date) 
_______ ________________________                                                 __________ 
(Initials)            (Print Name)                                                                      (Date) 
 
Reviewed by: 
Accountable Technical Individual ____________________ _______ 
                                                                   (Signature) (Date) 	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APPENDIX . APPENDIX
A5. MAPP PTP
This is MAPP’s installation guide in NSTX-U. It is included since it can be use as an standard
procedure for the installation and testing of the diagnostic either on other tokamak or as a stand
along machine.
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